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Abstract 
The circular Lorne Basin, located in north-eastern New South Wales, Australia, contains plutonic and 
volcanic rocks that appear to be linked with the basin’s evolution. This thesis presents a detailed 
petrographic, geochemical and geochronological investigation of the most prominent units of igneous 
rocks within the basin to establish their origin. SHRIMP U-Pb zircon geochronology has been undertaken 
on several igneous rocks to constrain basin development. A felsic volcanic clast from the Jolly Nose 
conglomerate in the lower part of the basin’s stratigraphy indicates an eruption age of 217±10 Ma (all 
ages are 206Pb/238U weighted means at 95% confidence and MSWD≤1). This indicates basin initiation 
in the Triassic. Inherited zircon in this felsic volcanic rock plus detrital zircons in a sedimentary clast in 
the same horizon show derivation from mostly Carboniferous (c. 320 Ma) sources in the hinterland of the 
basin, with older Gondwanan-aged grains (particularly latest Neoproterozoic and c. 1 Ga) also present. 
The Diamond Head rhyolite from higher in the basin’s stratigraphy has a zircon eruption age of 217±10 
Ma, indistinguishable from the age of the felsic volcanic clast in the Jolly Nose conglomerate. Plutonic 
rocks that cut the felsic volcanic units have yielded marginally younger ages. Thus a quartz-diorite from 
the North Brother intrusion yields an age of 212±4.4 Ma, whereas a similar rock from the Middle Brother 
intrusion has been dated by Geoscience Australia at an indistinguishable age of 212±4.4 Ma. These 
results indicate the rapid evolution of the Lorne Basin for less than 10 million years in the late Triassic. 
The plutonic rocks range from diorite to quartz-rich granitic composition, whereas the Diamond Head 
volcanic is rhyolitic. The majority of the igneous rocks are highly fractionated, with enrichment in SiO2, 
Al2O3, Na2O, K2O, FeOt, Zr, Ba, Pb and Sr with low abundances of TiO2, P2O5, MgO, Cr and Ni. Harker 
diagrams indicate linear trends for many elements, with hornblende and plagioclase control being 
important. Aberrant data such as very low Na2O and Sr in some volcanic rocks is attributed to weathering 
or alteration, with the breakdown of plagioclase. The geochemical signatures of the rocks such as low Ni 
and Cr are counter those expected in impact generated melts. Therefore the Lorne Basin is interpreted as 
a caldera, not an impact structure. In discrimination plots, the Lorne Basin igneous rocks straddle the 
divide between I- and A-type rocks. Primitive mantle normalised trace element spectra (‘spider diagrams’) 
indicate enrichment of the light REE (La and Ce) compared with Y, being used as a proxy for the middle-
heavy REE. They also show depletion of Nb and Ti, and enrichment of Pb. All these are classic traits of 
rocks whose compositions are governed by fluid fluxing melting of a mantle wedge, above a subduction 
zone. Coupled with these signatures is evidence of crustal assimilation, as shown by the overall evolved 
compositions and the presence of pre-Triassic xenocrystic cores in igneous zircon in the Lorne Basin 
rhyolites. 
The Lorne Basin caldera likely formed within a foreland basin associated with subduction off the east 
coast of Gondwana. The Coastal Suite of the New England Batholith and the Median Batholith within New 
Zealand were compared with the Lorne basin Granitoids. Both suites have geochemical signatures 
compatible with the coeval Lorne Basin igneous rocks. The Coastal Suite shows a similar tectonic setting 
to the Lorne Basin with transitional compositions between I- and A-type granites. On the other hand the 
Median Batholith is more I-type in character, and probably represents the volcanic arc closer to the 
subduction zone. Determining the relationship between the Lorne Basin, Coastal Suite and the Median 
Batholith helps to establish the Triassic evolution of the eastern Gondwanan active margin. 
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Abstract 
The circular Lorne Basin, located in north-eastern New South Wales, Australia, contains 
plutonic and volcanic rocks that appear to be linked with the basin’s evolution. This thesis 
presents a detailed petrographic, geochemical and geochronological investigation of the 
most prominent units of igneous rocks within the basin to establish their origin. SHRIMP 
U-Pb zircon geochronology has been undertaken on several igneous rocks to constrain 
basin development. A felsic volcanic clast from the Jolly Nose conglomerate in the lower 
part of the basin’s stratigraphy indicates an eruption age of 217±10 Ma (all ages are 
206Pb/238U weighted means at 95% confidence and MSWD≤1). This indicates basin 
initiation in the Triassic. Inherited zircon in this felsic volcanic rock plus detrital zircons in 
a sedimentary clast in the same horizon show derivation from mostly Carboniferous (c. 
320 Ma) sources in the hinterland of the basin, with older Gondwanan-aged grains 
(particularly latest Neoproterozoic and c. 1 Ga) also present. The Diamond Head rhyolite 
from higher in the basin’s stratigraphy has a zircon eruption age of 217±10 Ma, 
indistinguishable from the age of the felsic volcanic clast in the Jolly Nose conglomerate. 
Plutonic rocks that cut the felsic volcanic units have yielded marginally younger ages. 
Thus a quartz-diorite from the North Brother intrusion yields an age of 212±4.4 Ma, 
whereas a similar rock from the Middle Brother intrusion has been dated by Geoscience 
Australia at an indistinguishable age of 212±4.4 Ma. These results indicate the rapid 
evolution of the Lorne Basin for less than 10 million years in the late Triassic. 
The plutonic rocks range from diorite to quartz-rich granitic composition, whereas the 
Diamond Head volcanic is rhyolitic. The majority of the igneous rocks are highly 
fractionated, with enrichment in SiO2, Al2O3, Na2O, K2O, FeOt, Zr, Ba, Pb and Sr with 
low abundances of TiO2, P2O5, MgO, Cr and Ni. Harker diagrams indicate linear trends 
for many elements, with hornblende and plagioclase control being important. Aberrant 
data such as very low Na2O and Sr in some volcanic rocks is attributed to weathering or 
alteration, with the breakdown of plagioclase. The geochemical signatures of the rocks 
such as low Ni and Cr are counter those expected in impact generated melts. Therefore the 
Lorne Basin is interpreted as a caldera, not an impact structure. In discrimination plots, the 
Lorne Basin igneous rocks straddle the divide between I- and A-type rocks. Primitive 
mantle normalised trace element spectra (‘spider diagrams’) indicate enrichment of the 
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light REE (La and Ce) compared with Y, being used as a proxy for the middle-heavy 
REE. They also show depletion of Nb and Ti, and enrichment of Pb. All these are classic 
traits of rocks whose compositions are governed by fluid fluxing melting of a mantle 
wedge, above a subduction zone. Coupled with these signatures is evidence of crustal 
assimilation, as shown by the overall evolved compositions and the presence of pre-
Triassic xenocrystic cores in igneous zircon in the Lorne Basin rhyolites.  
The Lorne Basin caldera likely formed within a foreland basin associated with subduction 
off the east coast of Gondwana. The Coastal Suite of the New England Batholith and the 
Median Batholith within New Zealand were compared with the Lorne basin Granitoids. 
Both suites have geochemical signatures compatible with the coeval Lorne Basin igneous 
rocks. The Coastal Suite shows a similar tectonic setting to the Lorne Basin with 
transitional compositions between I- and A-type granites. On the other hand the Median 
Batholith is more I-type in character, and probably represents the volcanic arc closer to the 
subduction zone. Determining the relationship between the Lorne Basin, Coastal Suite and 
the Median Batholith helps to establish the Triassic evolution of the eastern Gondwanan 
active margin. 
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1  Introduction 
 
1.1 Introduction 
 
The Lorne Basin is located 20 km south of Port Macquarie on the north eastern coast of 
New South Wales, Australia (Figure 1.1) and comprises an area of approximately 1125 
km2 with a diameter of 30-35 km and depth of 1000-1500 m (Graham et al, 2006). The 
basin is infilled with a number of sedimentary sequences with volcanic interlude. They 
were deposited during the early Mesozoic and overly a Palaeozoic basement. Late Triassic 
granitic intrusions (the South, Middle and North Brothers) were then emplaced within the 
basin (Figure 1.2). Most of the work conducted for the following research will be 
concerned with the field, petrographic and geochemical evaluation of these intrusions and 
their volcanic hosts as well as presentation of zircon U-Pb dates that clarify the absolute 
chronology of basin evolution. 
 
Figure 1.1: Location of the Lorne Basin (study locality). 
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1.2 Geological Setting 
  
This study is focussed on five intrusions and the Diamond Head rhyolite of the Lorne 
Basin (Figure 1.3). The largest of these intrusions is the Middle Brother which underlies 
approximately 32.5 km2 and is located almost at the centre of the basin. The North Brother 
underlies approximately 17 km2 and is located 1km north-east of the Middle Brother. The 
South Brother is located 500 m south of the Middle Brother and underlies 3.8 km2 and is 
the smallest of the intrusions. The Holey Flat intrusion is located 500 m south-west of the 
Middle Brother and underlies approximately13.3 km2 and the Black Creek intrusion is 
located 3 km north-north-west of the Middle Brother and underlies 7 km2 (Figure 1.3). 
Both the Holey Flat and Black Creek intrusions are bounded by ring faults (Pratt, 2010) 
which may indicate a separate magmatic event from the Brother intrusions. The Diamond 
Figure 1.2: The Middle Brother (right) and the South Brother (left). Photo was taken from the 
top of the North Brother facing south west. 
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Head rhyolite covers an area of approximately 2km2 and is located on the coast, 6.3km 
east of the Middle Brother (Figure 2.3).  
All of the intrusions were emplaced into the early Triassic Camden Haven Group. The 
Coopernook Conglomerate Member, which has a gentle dip of 15o towards the centre of 
the basin, acts as the boundary of the Lorne Basin (Figure 1.3 and 1.4). The Diamond 
Head rhyolite overlies the Camden Haven claystone which is a member of the Camden 
Haven Group (Pratt, 2010). An early Triassic age has been ascribed to these rocks based 
on plant fossils found in all units with the exception of the basal unit, the Jolly Nose 
Conglomerate, which is absent of any paleontological data though is likely also early 
Triassic in age (Pratt, 2010).  
The basal unit of the Lorne Basin is the Jolly Nose Conglomerate which has limited 
outcrop localities, with the largest outcrop occurring 3km north-west of Grants Head. 
Overlying sedimentary units are the Camden Haven Group (Figure 1.4), within which the 
Camden Head claystone and Laurieton conglomerate members are believed to have been 
deposited as alluvial fans which spread over a desert plain or playa setting. The lower 
conglomerate and red bed units of the Camden Haven Group are believed to have formed 
within a fluvial setting as a meandering river (Pratt, 2010, Pratt and Herbert, 1972).  
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Figure 1.3: Geological map of the Lorne Basin (Taken from, Pratt 2010). 
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Figure 1.4: Generalised stratigraphic sequences of the Lorne Basin. Adapted from (Pratt 2010). 
Red dot represents the Jolly Nose Volcanic Clast (Section 3.6.1) and the Yellow dot represents the 
Jolly Nose Sandstone matrix (Section 3.6.2). MB= Middle Brother, NB= North Brother, SM= 
Sandstone Matrix (left) representing zircon U-Pb ages (Chapter 5). 
 
1.3 Aim 
 
The aim of this study is to determine the origin and absolute time scale of rocks in the 
Lorne Basin. Fundamentally, two opposing theories will be tested – a caldera formed by 
convergent plate boundary or that it is an impact structure. To discriminate these two 
possibilities, the following have been undertaken: 
(A) Determination of the local variations in the characteristics of the igneous intrusions 
and associated volcanic rocks by field, petrographic and geochemical methods. 
(B) Use zircon U-Pb geochronology to provide an accurate and precise chronology for 
the evaluation of the basin. 
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(C) For a regional context, results from the Lorne Basin will be compared and 
contrasted with other Triassic rocks in the coastal fringe of the New England 
Orogen and with the Median Batholith in New Zealand. 
1.4 Methods 
 
All the Lorne Basin samples were collected within National Parks and required a scientific 
licence for acquisition (see Appendix 3). 34 samples were collected of which 13 were 
selected for further study. Samples were taken from the freshest outcrop at the given 
locality and were then placed in labelled plastic sample bags with their GPS coordinates 
also recorded. Field observations were recorded in a field notebook along with field 
sketches and geological maps with laboratory proceeding recorded in a laboratory 
notebook. 
13 standard thin sections were prepared at the University of Wollongong (see Chapter 3) 
and were investigated using a Lecia DM2500 petrographic microscope. The mineralogy 
and textural features were recorded which also provided context for the geochemical 
evaluation. 
3 samples were regarded as too altered on the basis of petrography with the 10 remaining 
samples analysed by X-ray Fluorescence (XRF) at the University of Wollongong. Each 
sample was first crushed to a fine powder using a tungsten carbide crusher with 5 g of 
sample mixed with a PVA binder and pressed into an aluminium cup. Samples were then 
dried for 24 hours and used for trace element analysis. Glass beads were prepared for 
major analysis (see Appendix 1) where 400 g of sample was mixed with 2.5 g of pure 
metaborate flux (due to higher silica content). Samples were then combined with a NH4I 
pellet to reduce the viscosity of the melt and were then heated from 600oC to 970oC over 
one hour. Samples with greater than 1000 ppm sulphur of 400 ppm copper were first 
oxidised to prevent damaging the platinum crucibles which the samples were prepared in. 
The XRF was calibrated using a set of standards (see Appendix 1) to ensure the reliability 
of the data. 
Zircon U-Pb geochronology of 4 samples was undertaken at the Australian National 
University (ANU) using the Sensitive High Resolution Ion Microprobe 2 (SHRIMP-2). 
Firstly, the samples were crushed to a coarse powder and the zircons were separated from 
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the crushed material using heavy liquid separation at Macquarie University. The zircons 
were then hand separated from the returned material and were hand mounted with 
TEMORA-2 standards on an epoxy resin and ground down to produce a cross section 
through the crystals. Cathodoluminescence imaging using a Scanning Electron 
Microscope (SEM) was then conducted and ANU to provide images which highlighted the 
internal structure of the grains. Finally the zircons were analysed by SHRIMP-2 at ANU 
to produce the U/Pb ages (see Appendix 2). 
 
1.5 Previous Work 
 
Although partitions of the southern New England Orogen have been studied in detail, the 
Lorne Basin has been relatively ignored. The first recording of the intrusions was made by 
Carne (1897) who noted diorite, quartz-felsite and the rhyolite at Diamond Head. An 
investigation of the rock types within the Lorne Basin was conducted by Voisey (1939) 
and the first account of the basin’s stratigraphy was made. A brief mention of the Brother 
intrusions is made under alkaline intrusives within his work, though is only a brief 
overview of interpreted field observations. A detailed paper on the stratigraphy of the 
Lorne Basin was produced by Pratt (2010) though the granitoids were not looked at for 
this publication because it addressed mostly the stratigraphy of the sedimentary and 
volcanic rocks. 
The first geochemical work conducted on the granitoid intrusions was done by Knutson 
(1975) who produced some XRF data for the brother intrusions with only major elements 
and a few trace elements published (see Chapter 4). Higgins (2007) outlined the geology 
of Diamond Head. This is the only work done which has looked at the volcanic rocks 
within the Lorne Basin to such a detail. Finally, Chappell (2010) produced three XRF 
analyses for the Middle Brother intrusion as part of his geochemical database for New 
England.  
Previous geochronological ages have been produced for a large number of the granitoids 
within the New England Batholith (Figure 1.5). There is a general trend from older 
granitoids in the western portion of the New England Batholith into younger granitoids in 
the eastern portion. Early to late Triassic ages have been applied to the sedimentary units 
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within the Lorne Basin (Pratt, 2010) though minimal work has been done on the granitoid 
rocks. Blevin (2012 unpublished) produced zircon U-Pb ages for the Middle Brother 
Granitoid (Chapter 5) which returned an age of 212.5 ± 1.6 Ma.  
 
Figure 1.5: Ages for a number of granitoids within the New England Orogen. Age in red 
represents zircon U-Pb age obtained for the North Brother Diorite, Adapted from Li et al (2012). 
 
The gravity map of north eastern New South Wales (Figure 1.6) shows a high gravity 
region within the Lorne Basin. This may represent high density intrusions concentrated 
within the boundaries of the basin. The magnetic map for the north eastern portion of New 
South Wales (Figure 1.7) shows a high magnetic reading for the lorne Basin. This reading 
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may indicate a higher Fe concentration within the intrusions and due to the magnetic 
gradients concentrating around the boundaries of the intrusions may represent the 
intrusions are relatively shallow. There is a strong correlation in the gravity and magnetic 
signatures between the Bundarra supersuite and the Lorne Basin with a negative anomaly 
in both gravity and magnetics in the central portion of the New England batholith. 
 
 
Figure 1.6: Gravity map of the north eastern portion New South Wales, taken from NSW Trade 
and Investment (2012). 
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Figure 1.7: Magnetic intensity map of the north eastern portion of New South Wales, taken from 
NSW Trade and Investment (2012). 
 
1.6 Hypotheses for the Lorne Basin 
 
There are currently two hypotheses put forward for the formation of the Lorne Basin. The 
first hypothesis is formation during subduction rollback put forward by Li et al (2010). 
The second hypothesis is formation due to a meteorite impact put forward by Tonkin 
(1998). The following sections look at the evidence which is used to support these two 
hypotheses. 
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1.6.1 Volcanic Arc Subduction Setting 
 
The most strongly favoured formation model for the Lorne Basin is within a subduction 
rollback setting (Li et al, 2012). Evidence suggests that the NEO underwent periods of 
contraction, related to trench advance, and extension, related to trench retreat (Jenkins et 
al 2012; Li et al, 2012).  Granites through the Tablelands Complex west of the Lorne 
Basin have been the focus of most work supporting the rollback model.  
Within the Tablelands Complex, there is an age relationship that moves from older 
granites to the northwest into younger granites to the southeast (Li et al, 2012).  The trend 
in the ages indicates that there may have been a subduction zone off the east coast of 
Australia which was undergoing rollback and emplacing the granites from the northwest 
to the southeast (Li et al, 2012) . The Esk Trough (Figure 2.1) forms an asymmetric half 
graben structure as a response to oblique rifting (Holcombe et al, 1997), and the structure 
of the Lorne Basin fills a similar setting with the Jolly Nose Conglomerate formed by 
initial sedimentation in a graben and overlies basement (Pratt 2010). It is possible that 
extensional rifting formed the Lorne Basin, which also supports the number of normal 
faults present within the basin (Brown, 1994). However, there are also some thrust faults 
which can be explained by a short period (244-236 Ma) of contraction in the New England 
Orogen identified by Li et al (2012). The rollback effect is attributed to the negative 
buoyancy of the subducted slab in relation to the surrounding asthenosphere (Garfunkel et 
al 1986; Li et al, 2012). Emplacement of the granitoids within the Tablelands Complex 
supports a counter-clockwise rotation of the subduction zone rollback which is likely 
attributed to a pinch point where the Gympie Terrane collided with the east coast of 
Australia (Li et al 2012). Successive intrusions would have migrated east parallel to the 
subducting slab, though the pinch point resulted in the southeast migration of the 
intrusions and also there should have been the development of larger basins further south. 
Apart from the Lorne Basin there are no other large basins to support this theory (Li et al 
2012).   
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1.6.2 Meteorite Impact Setting 
 
Detailed geological work has not been conducted to try and establish if the basin was 
formed by an impact structure. The circular morphology of the basin and also the fact the 
Camden Haven Group conglomerates outcrop in an almost complete ring around the 
basin, dipping at gentle angles towards the centre of the basin is the prime piece of 
evidence to support an impact setting (Tonkin 1998) 
Glass has also been found at a number of localities within the basin including Kew and 
Moorland, and the composition of the glass, documented as obsidian, is believed to have 
been derived from underlying Carboniferous lithologies within the basin (Tonkin 1998). If 
this glass is indeed related to an impact event the minerals within the glass may have 
preserved the structure of the original target lithology. Planar features within quartz and 
feldspar develop at pressures of 7.5-30 G during shock events, and these features, when 
examined under thin section, can be used to identify an impact event (Richard 1987).  
There are also a number of large granitoid bodies within the basin which are believed to 
have been fed by deep faults that penetrate deep under the basin. Tonkin (1998) used the 
presence of these faults to support the hypothesis of an impact event, where the impact of 
the meteorite fractured the underlying rock sending these faults deep into the crust to 
source the granitic magma. Although the presence of these faults is compatible with an 
impact origin, Richard (1987) indicates that geophysical methods show that impact craters 
do not develop deep faults, but rather heavily fracture the immediately surrounding rock to 
shallow depths. 
A common structural feature of complex crater sites is the presence of a central uplifted 
cavity which has rebounded after the initial impact (Richard 1987, Pilkington and Grieve, 
1993). This feature is not preserved within simple impact structures, where the target 
rocks are displaced downwards and no uplifted crater is preserved (Pilkington and Grieve 
1993). In the case of the Lorne Basin, there is a central uplifted region, the Black Creek 
Uplift, which may represent the preserved uplifted crater. The Black Creek Uplift has been 
eroded down to a lower elevation though contains an intrusion which has been emplaced 
through much of the faulted block (Pratt 2010). There are inferred boundaries which act as 
the feeder pipes for the intrusive with the edge of the intrusion bounded by a fault. The 
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surrounding terranes contain no portion of the intrusion and it may be possible that it may 
have formed as a result of the underlying mantle or crustal magma entering the country 
rock after the rebound phase of crater formation.   
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2 Geology 
 
2.1 Introduction 
 
The geology of the New England Orogen and Zealandia (which is now isolated in the 
Pacific by the opening of the Tasman Sea) (Figure 2.4) has a complex history which 
comprises a tectonic evolution occurring during the Palaeozoic and early Mesozoic 
(Mortimer et al, 1999; Korsch et al, 2009; Cawood et al, 2011; Nutman et al, 2013). The 
batholith of the New England Orogen comprises a number of supersuites which were 
emplaced during the tectonic evolution of the orogen. The Median Batholith of Zealandia 
was emplaces synonymous with the Coastal granites of the New England, to which it is 
believed to be a part of, and comprises an number of intrusions which were emplaced 
during the late Palaeozoic and early Mesozoic. The Lorne Basin of sedimentary and 
volcanic rocks penetrated by intrusions in the south eastern portion of the New England 
Batholith and the central portion of the Median Batholith are relatively less studied than 
other portions of the New England Orogen. The Lorne Basin with its annular structure is 
the easternmost Triassic suite in present eastern Gondwana. It warrants further 
investigation to both understand its origin and how it might relate to coeval rocks in 
Zealandia. 
 
2.2 New England Orogen 
 
The New England Orogen on the eastern coast of Australia (Figure 2.1) comprises a set of 
subduction/arc related magmatic rocks which were part of the eastern margin of 
Gondwana and formed from the Late Devonian to the Late Triassic (Korsch et al, 2009; 
Harrington and Korsch, 1985; Korsch and Harrington, 1981).  
Devonian-Carboniferous supra-subduction zone components comprise the Tamworth Belt 
forearc basin and the Tablelands Complex accretionary wedge (Figure 2.1) which formed 
on top of a previously accreted Paleozoic ocean terrane (Flood and Atchison, 1988). The 
core of the Devonian-Carboniferous volcanic arc lie further to the west and is mostly 
obscured by post-Devonian sedimentary rocks (Leitch, 1974, 1975; McPhie and 
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Fergusson, 1983; Roberts and Engel, 1987; Roberts et al, 1995, 2004, 2006; Roberts and 
James, 2010).  
The Tablelands Complex rocks are Carboniferous to early Permian deep marine 
volcaniclastic turbidites and cherts, mafic volcanics and olistromal deposits (Leitch and 
Cawood, 1980; Cawood, 1982; Fergusson, 1984; Aitchison et al, 1994). The Peel-
Manning fault system (Figure 2.2) forms the tectonic boundary between the Tamworth 
Belt and the Tablelands Complex. 
The early Permian history of the New England Orogen is marked by the development of 
sedimentary basins comprising proximal seep marine mass flow deposits (Aitchison and 
Flood, 1992; Aitchison et al, 1997; Korsch et al, 2009). The early Permian granitoids 
include the S-type Bundarra and Hillgrove suites, and several other S- and I-type plutons. 
The U-Pb zircon ages show that these intrusions were all emplaced between 296-267 Ma 
(Cawood et al, 2011; Rosenbaum et al, 2012). From 250-225 Ma, subduction resumed and 
led to the emplacement of north-south trending arc related plutons which are attributed to 
Andean arc related I-type granites (Flood and Shaw, 1975; Cawood, 1984; Bryant et al, 
1997). 
The east-west compression of the Hunter-Bowen orogeny has been attributed to coupling 
in the subduction and over-riding plates, following further eastward migration of 
subduction systems located at the edge of Gondwana (Rosenbaum et al, 2012). It is also 
proposed that there was the docking of a Permian intra-oceanic island arc terrane against 
the eastern edge of Gondwana (Harrington, 1983). 
During evolution of the New England Orogen there was both compressional and 
extensional regimes, related to dynamics of subduction zone(s) off the east coast of 
Gondwana (Harrington, 1983; Li et al, 2007). The Lorne Basin is also generally 
considered to have formed within this dynamic framework. The geochemistry and 
chronology of intrusions emplaced within the New England Orogen have provided further 
understanding of the plate boundary processes (Cawood et al, 2011; Chappell, 2010, 
Bryant and Chappell, 2010; Rosenbaum et al , 2012).  
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Figure 2.1: Generalised map of the New England orogen. Area highlighted in 
red shows location of the southern New England Batholith and location of 
the Lorne Basin, adapted from Korsch et al( 2009). 
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2.3 Southern New England Batholiths 
 
The batholiths of the southern New England Orogen comprise a number of supersuites 
which show an emplacement trend from the oldest in the west (~260 Ma) to the youngest 
in the east (~212 Ma) (Figure 2.2) (Bryant and Chappell, 2010; Cawood et al, 2011; Li et 
al, 2012; Rosenbaum et al, 2012). The granites of southern New England comprise suites 
of I-, S- and A- type granites which tend to transition from more S-types within the 
western portions of the southern New England Batholith into more I-types towards the 
east (Bryant and Chappell, 2010). 
The Moonbi (~253-244 Ma) and Bundarra (~293 Ma) supersuites are the largest batholiths 
of the New England Orogen (Shaw et al, 2010). The Bundarra supersuite is comprised of 
S-type granites with >71.5 wt% SiO2, relatively unfractionated and contain 
characteristically high Al and P and low Nd and Sr and in their southern parts contain 
entrained restite (Bryant and Chappell, 2010; Chappell, 2010).It contains high whole rock 
δ18O values indicating that they were derived from young volcanogenic metasedimentary 
sources (Flood and Shaw, 1977; Shaw and Flood, 1981; Hansel et al, 1985; Jeon et al, 
2010) The low concentrations of Nd and Sr indicate a juvenile sedimentary source from a, 
arc. There are chemical variations from the north to the south of the supersuite in both 
major and trace elements. The northern portion is characterised by low Sr, Al, Pb, Cu, Co 
and V with higher concentrations of Rb and Sn than the southern parts. These variations in 
chemical characteristics imply subtle changes in the composition of the granite source 
(Bryant and Chappell, 2010). The Moonbi supersuite contains a diverse range of granitic 
rocks which were formed within a range of different settings (Chappell, 2010). A majority 
of the plutons contain U-Pb zircon ages of ~252-240 Ma and are likely arc related plutons 
(Flood and Shaw, 1975; Cawood, 1984; Bryant et al, 1997). It is the largest and most 
complex supersuite in the New England Batholith. The Moonbi supersuite comprises 
higher concentrations of K, Rb, Sr, Ba, Pb, Th and U and contains SiO2 concentrations of 
between 55-77 wt % (Bryant and Chappell, 2010; Chappell, 2010).  
The Clarence River supersuite contains predominantly I-type granites which demonstrate 
a Cordilleran like tonalite granite (Bryant and Chappell, 2010). The Uralla supersuite on 
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the other hand contains reduced illmenite series rocks which are also of I-type 
composition. The Clarence River supersuite comprises a number of small, mainly low-K 
Permian granites located on the north eastern and southern portions of the New England 
Batholith (Bryant and Chappell, 2010; Chappell, 2010). Geochemically, the Clarence 
River supersuite is high in Ca and has low concentrations of the incompatible elements 
including the large ion-lithophile, high field strength elements, Th, U, Pb and P (Bryant 
and Chappell 2010, Chappell 2010). 
The Hillgrove supersuite contains granite which transition from S- to I-type granite and 
are likely derived from an arc source (Bryant and Chappell, 2010; Chappell, 2010; Li et 
al, 2012). The supersuite comprises moderately to strongly deformed early Permian 
granites in the central portion of the New England Batholith (Bryant and Chappell, 2010). 
The rocks of the Hillgrove supersuite are typically 62-76 wt% SiO2 and are characterised 
by low Ca, Na and Sr, and contain lower concentrations of Al and P compared with the 
granites of the Bundarra Suite (Bryant and Chappell 2010).  
 The Coastal granites, of which those in the Lorne Basin belong, comprise rocks which 
transition from I- to A-type granite and are younger than the other I-type granites of the 
New England Batholith (Li et al, 2012). The Coastal granites are classified as a post 
orogenic setting (Hansel et al 1985) and comprise geochemically, petrographic and 
mineralogically diverse rocks. The granites of the Coastal suite appear to be generally 
enriched in a number of trace elements, such as Nb and Zr compared with granites of the 
other supersuites (Bryant and Chappell 2010). They are generally depleted in K, U, Th, Rb 
and Pb, which is similar to the Clarence River supersuite. Although, being enriched in Nb, 
P, Zn, and Cr and to a lesser extent Zr and Ti they are geochemically different from the 
Clarence River supersuite. Due to the diversity of the coastal granites they have not been 
classified as a discrete suite (Bryant and Chappell 2010, Chappell 2010).   
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Figure 2.2: Geological map of the north eastern portion of New South Wales including a synthesis 
of the New England Orogen terranes (Nutman et al 2013). 
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2.4 Granitoids in the Lorne Basin  
 
Within the Lorne Basin there are 5 granitic intrusions, which are all positioned around the 
centre of the basin. The North, Middle and South Brothers, which are the most easterly 
positioned granitoids (Figure 1.3), are believed to be related (Graham et al, 2006; Pratt, 
2010), whereas Holey Flat and Black Creek granitoids are believed to represent a different 
event (Graham et al, 2006). Each pluton is dioritic to granitic in composition. Preliminary 
geochronology has ascribed late Triassic ages for the intrusions (Graham et al, 2006).  
The Brother granitoids are overall dioritic in composition. The Middle Brother shows 
prominent zoning (see Chapter 3 and 4) whereas the North and South Brothers are overall 
more homogenous. These intrusions are believed to be associated with others scattered 
throughout the coastal region, and may have formed with the retreat of a subduction zone 
off the east coast of Australia during the Triassic (Li et al 2012).  
The Holey Flat and Black Creek intrusions show a slightly different setting due to the ring 
faults that surround both of these plutons (Pratt 2010). These ring faults are likely 
associated with a caldera setting, though both areas are uplifted segments which may 
correspond to late stage injection of low density magma. A possible emplacement 
mechanism for these plutons is ascent along the fault plane and emplacement within a 
caldera, at which point the underlying magma chamber is filled with low density magma 
which them uplifts the down faulted blocks creating uplifted segments (Gill 2010). Both 
intrusions contain sections which are in contact with the fault perimeters, indicating a 
possible ascent location (see Chapter 6 for further discussion).   
 
2.5 Lorne Basin Volcanic Rocks 
 
The most prominent volcanic unit is the Diamond Head Rhyolite located on the eastern 
margin of the basin, and is exposed on a headland for approximately 2.2km (Figure 2.3). It 
is also the only volcanic unit present within the margins of the Lorne Basin (Pratt 2010). 
There are also a number of mafic volcanic deposits located just outside the western margin 
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of the Lorne Basin and are of Tertiary age (Pratt, 2010). These are unrelated to the 
formation of the Lorne Basin and are not considered further here.  
2.5.1 Diamond Head Rhyolite 
 
The literature contains only limited information on the Diamond Head rhyolite. Higgins 
(2007) conducted a 3rd year research project and produced a detailed geological 
investigation of the headland. The rhyolite has been interpreted as associated with the 
Brother intrusions and hence assumed to be of late Triassic in age. The outcrop of the 
rhyolite flow is most prominent along the headland and extends as an approximately 30m 
high rock face for the majority of the 2.2 km cliff face. 
The flow overlies the Camden Head Claystone and a sandstone unit at it southern margin 
(Pratt, 2010). An approximately 100 m diameter granodiorite intrusion occurs on the north 
eastern portion of the headland. The granodiorite clearly intrudes the rhyolite (Figure 
3.43), bending the rhyolite upwards.  
Most of the flow is a homogenous tabular body. However it also includes hyperbyssal 
rhyolite dykes (Figure 3.39). The rhyolite dykes only occur in the northern section of the 
rhyolite flow, north of the quartz diorite intrusion. On the southern portion of the headland 
there are some hyperbyssal dacite dykes and sills which intrude between the overlying 
rhyolite and underlying sandstone. The dacite dykes intrude both the sandstone and 
rhyolite though this is only visible on the coastal platform. 
The south eastern portion of the headland contains brecciated rhyolite. This occurred 
because of boil ups of water from the underlying sediments (now sandstone). 
Two 2 samples were taken from the massive rhyolite, one was taken from the rhyolite 
dyke and one from the quartz diorite intrusion (Figure 2.3). 
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Figure 2.3: (Left) Generalised geology of Diamond Head and sample localities, adapted from Higgins (2007). (Right) Arial view 
of Diamond Head, image taken from Google Earth (2013). 
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2.6  Median Batholith (New Zealand) 
 
The Median Batholith (Figures 2.4 and 2.5) of New Zealand is truncated by the Alpine 
Fault which runs through the centre of New Zealand. Like much of the New England 
Orogen of Australia, it is also poorly exposed (Mortimer et al, 1999). The Median 
Batholith comprises plutonic and metaplutonic rocks that underlie 10,200km2 between the 
late Palaeozoic Brook Street terrane and the early Palaeozoic Takaka terrane (Figure 2.5). 
With the reconstruction of New Zealand prior to the movement of the Alpine Fault, the 
Median Batholith comprises the largest batholith within New Zealand, which has a total 
area larger than the combined area of the Karamea, Paparoa and Hohonu Batholiths (3900 
km2) (Mortimer et al, 1999; Allibone et al, 2009).  
Like most batholiths, the Median Batholith comprises a number of plutons of different 
ages and compositions. Grouping of almost 70 rock units in a single batholith emphasises 
the large area of contiguous plutonic and metaplutonic rocks in medial New Zealand for 
which there has been no collective name (Mortimer et al, 1999). Calling these rocks the 
Median Batholith does not reveal the wide range of constituent protoliths, crystallisation 
ages and complexity of deformation and metamorphism that is present within (Mortimer 
et al, 1999). Grouping of the batholith into 6 age groupings (Figure 2.5) reveals: 
- 35% comprising early Triassic to early Cretaceous gabbros, diorites and granitoids. 
- 35% of exposed Median Batholith comprising 105-125 Ma alkali-calcic and 
adakitic granitoids. 
- 10% carboniferous I-type and A-type granitoids and Permian gabbro and 
trondhjemite. 
- And the final 20% comprising plutons and orthogneiss complexes, mostly in 
eastern Fiordland of undefined ages. 
Prior to the rifting with opening of the Tasman Sea, New Zealand was part of the southern 
Gondwana margin continuous with southeastern Australia. During the late Triassic a 
subduction zone ran along the entire east coast of Australia, and contiguous New Zealand 
and further into Antarctica. Thus Triassic intrusions in Australia and New Zealand are 
likely of similar origin and tectonic setting (Figure 6.5, Chapter 6). With the opening of 
2-24 
 
the Tasman Sea (Figure 2.4) the Median Batholith was dispelled from eastern The Alpine 
Fault with major dextral displacement partitioned the Median Batholith into separate 
North and South island segments (Figure 2.5) 
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Figure 2.4: Location of the Median Batholith and comparison with the spreading and opening of the Tasman Sea. Also shows the displacement of the 
Median Batholith in New Zealand by the Alpine Fault. Image generated using GeoMapApp version 3.3.6 (Haxby 2009).
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Figure 2.5: Geological map of New Zealand showing the intrusions and corresponding ages. Areas 
highlighted by red show the components of the Median Batholith, adapted from Mortimer et al 
(1999).
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3 Petrography 
 
3.1 Introduction 
 
Prior to a geochemical investigation of collected samples, a thin section petrographic 
analysis is conducted. This allows the geologist to determine the relationship between 
minerals and their basic geochemistry within a given system. It also allows for the 
determination of the degree of weathering or alteration that the samples have undergone 
which are processes that can cause secondary alteration of rock chemistry. 
The following chapter looks at the petrographic analyses of representative rock types from 
five Lorne Basin plutonic, volcanic and sedimentary suites. The results obtained from this 
chapter as well as those obtained from chapter 4 will constrain their petrogenesis and the 
tectonic setting of the Lorne Basin as a whole.  
There are many different classification schemes for granitic rock types (O’Connor, 1965; 
De La Rouche et al, 1980; Middlemost 1994).The granitic rock names used within the 
following chapters was conducted using a QAPF diagram (Streckeisen, 1974; Streckeisen, 
1978) (Figure 3.1). Although in hand specimen a number of the following samples within 
this chapter and subsequent chapters appear to be of a different rock type, classification of 
the following samples was done using the minerals assemblages seen under thin section 
(Figure 3.1). The volcanic rocks used within the following chapters were classified suing a 
TAS diagram (Le Bas et al, 1986; Middlemost, 1994). 
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Figure 3.1: QAPF Classification Diagram, Q = Quartz, A = Alkali 
Feldspar, P = Plagioclase, F = Feldspathoid. 
Figure 3.2: TAS Diagram for volcanic rock samples 
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3.2 Petrography of the North Brother 
 
The North Brother diorite is almost entirely composed of a homogenous diorite. Within 
thin section there is a slight change in texture from the rim of the intrusion into the core 
with sample closer to the centre of the intrusion containing larger phenocrysts in higher 
concentrations. The compositional change is not a dramatic as the Middle Brother 
intrusion (see section 3.3) though slight changes in melt chemistry has led to a noticeable 
change in the mineral assemblage. Phenocrysts occur in higher proportions within sample 
NB001 located close to the rim of the intrusion and occur in smaller concentrations within 
sample NB007, which is located towards the top of the intrusion. 
 
3.2.1 Monzo-Granite (NB001) 
 
Sample NB001 (31o41’40”S, 152o46’32”E) is a monzo-granite sample collected from the 
rim of the intrusion near the base (Figure 3.3-3.6). The sample is light grey in colour and 
contains small white plagioclase phenocrysts which average 3mm in size. The matrix is 
extremely fine grained with individual minerals not visible to the naked eye (aphanitic) 
and also contains small, often needle shaped black crystals which average 1-2mm in size 
and are either pyroxene or amphibole. 
In thin section (Figure 3.5-3.6) quartz and plagioclase feldspar make up the majority of the 
rock. Plagioclase is more dominant mineral, making up approximately 50% of the rock, 
and occurs as both large phenocrysts and also in the matrix. Quartz makes up around 40% 
of the rock and appears mostly in the matrix, with a few phenocrysts present. There is also 
relic hornblende which occurs as small clusters showing a mottled appearance with no 
alteration to chlorite and is present at around 8% and also very minor, often highly altered 
biotite is also present and constitutes around 2% of the rock. 
The rock is predominantly composed of the matrix material with the plagioclase 
phenocrysts heterogeneously distributed. The smaller plagioclase crystals in the matrix 
(around 30µm in size) can still be resolved. These plagioclase crystals also contain a 
slightly brown colour which indicates weathering or alteration. 
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Figure 3.3: Field sample NB001 locality (31o41’40”S, 152o46’32”E), red ring 
shows the location that the sample was taken from, Geology hammer below the red 
ring for scale. 
Figure 3.4: Hand Specimen photo of sample NB001, HB = Hornblende, FS = 
Feldspar. 
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Figure 3.5: Thin section image with cross polarised light for sample NB001, FS = 
Feldspar, HB = Hornblende, QZ = Quartz, Image focussed on larger phenocrysts 
within the thin section. 
Figure 3.6: Thin section image of sample NB001, FS = Feldspar, HB = Hornblende, 
QZ = Quartz, Image focuses on the matrix as well as smaller phenocrysts within the 
sample. 
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3.2.2 Monzo-Granite (NB007) 
 
Sample NB007 (31o40’30”S, 152o46’41”E) was collected from the centre of the North 
Brother intrusion and shows a similar composition to NB001 although sample NB007 
contains a larger number of phenocrysts indicating a slower cooling rate. In hand 
specimen sample NB007 appears similar to NB001 in that it is light grey in colour with 
small plagioclase phenocrysts (Figure 3.8). It is slightly darker than sample NB001 and 
the crystals of plagioclase appear more weathered around the rim producing different 
coloured cleavage. 
In thin section (Figure 3.9-3.10), a larger portion of the sample is comprised of matrix 
material with phenocrysts less common than in the diorite. An interesting feature of the 
plagioclase crystals is the growth of an initial plagioclase crystal which is then overgrown 
by a secondary plagioclase crystal (Figure 3.9). This is likely due to the formation of an 
initial crystal which is then reabsorbed due to the injection of new magma into the magma 
chamber. The mottled and discontinuous edges of the inner crystals support this 
interpretation. When the melt begins to cool again, a secondary plagioclase crystal begins 
to form around the initial crystal, with the first crystal acting as a surface for the continued 
second generation of growth.  
The plagioclase within the rock constitutes around 55% of the rock as both phenocrysts 
and matrix. Quartz is the other dominant mineral at around 35%. It predominantly occurs 
as matrix material with minor phenocrysts present. Hornblende is also present occurring at 
around 8% of the rock and like in sample NB001, occurs as clusters around plagioclase 
crystals as a group of crystals which appear to be associated with the phenocrysts. Minor 
pyroxene makes ~2% of the monzo-granite occurring as slightly larger than average 
crystals in the matrix. 
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Figure 3.7: Field sample NB007 locality (31o40’30”S, 152o46’41”E), red ring 
shows where sample was taken from, geology hammer for scale. 
Figure 3.8: Hand sample NB007 photo, FS = Feldspar, HB = Hornblende. 
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Figure 3.9: Thin section photo with cross polarised light of sample NB007, FS 
= Feldspar, HB = Hornblende, QZ = Quartz, image is focused on a number of 
smaller feldspar phenocrysts in the diorite matrix. 
Figure 3.10: Thin section photo with cross polarised light of sample NB007, FS 
= Feldspar, HB = Hornblende, QZ = Quartz, PX = Pyroxene, image is focused 
on a large feldspar crystal set in the diorite matrix. 
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Petrography of the Middle Brother 
 
The Middle Brother Granitoid is composed of a number of different facies which are more 
mafic around the outer rim and more felsic towards the centre. The samples which were 
collected in the field range from micro-granodiorite around the edge towards granite and 
monzo-granodiorite near the centre. Four samples were taken from the Middle Brother.  
 
3.2.3 Micro-Diorite (MB011) 
 
The micro-diorite collected from the outer rim of the Middle Brother (31o42'30"S, 
152o41’50”E) is light and speckled white due to groundmass plagioclase (Figure 3.12). 
Plagioclase and hornblende grains are barely phaneritic and only a single porphyritic 
feldspar crystal occurred in the hand specimen. The contact between the micro-
granodiorite and any other rock type was not exposed, although there is a transition into a 
micro-granodiorite of different appearance approximately 100-150m towards the centre of 
the pluton. There is a change into a courser grained rock with less visible plagioclase. 
In thin section (Figure 3.13-3.14), anhedral quartz grains constitute around 20% of the 
rock, whilst subhedral plagioclase constitutes around 55%. In areas, there are also 
phenocrysts of quartz and feldspar, though they are uncommon. There is approximately 
15% hornblende and 5% biotite, with alteration to chlorite is obvious around the edges of 
both minerals. There is 5% illmenite as small rounded opaque grains. Rare clinopyroxene 
is present, as very small grains, showing first and second order birefringence, though are 
only around 10 microns in size (MacKenzie and Adams 2009). Although, due to the small 
size of the crystals, it is possible these minerals may be small proportion of 
orthoamphibole as an alteration product of the hornblende.  
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Figure 3.11: Field sample MB011 locality (31o42'30"S, 152o41’50”E), red outline 
shows where sample was taken from, geology hammer for scale. 
Figure 3.12: Hand sample MB011 photo, FS = Feldspar, HB = Hornblende, QZ = 
Quartz. 
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C. 
Figure 3.13: Thin section photo with cross polarised light of sample MB011, FS = 
Feldspar, HB = Hornblende, QZ = Quartz, image is focused on the matrix material 
in the micro-diorite matrix. 
Figure 3.14: Thin section photo with cross polarised light of sample MB011, FS = 
Feldspar, HB = Hornblende, QZ = Quartz, image is focused on a larger feldspar 
phenocryst in the diorite matrix. 
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3.2.4 Tonalite (MB002) 
 
The tonalite at this locality (31o42'25"S, 152o41’45”E) (around 150 m closer to the centre of 
the Middle Brother, from sample MB011) is clearly courser grained under thin section 
than sample MB011 (Figure 3.15-3.16). In the QAF diagram (Figure 3.1), the mineralogy 
of sample MB002 plots as a tonalite. In hand specimen, the micro-granodiorite is pale in 
colour with plagioclase and quartz forming almost 90% of the mineral assemblage. 
Hornblende appears to only make up around 10% of the rock and appears as small dark 
green grains which are just visible to the naked eye. Again, no contact with a different 
granitic rock type could be determined from the field. 
In thin section, there is an increase in the amount of quartz from that of sample MB011, 
now present at around 20-30%. Plagioclase, showing well developed lamellar twinning, is 
present as both small grains and phenocrysts and forms approximately 40-50%. 
Hornblende forms 15% and occurs as dark brown pleochroic grains averaging 250 µm in 
size.  
The change in grain size from sample MB011 to MB002 may indicate a change in cooling 
rate, with sample MB002 cooling more slowly. The samples closer to the rim of the pluton 
may be in close proximity to the country rock resulting in a faster cooling rate than those 
that are located towards the centre. Also there appears to be a slight change to a more 
felsic composition where the plagioclase is occurring in lower concentrations and the 
quartz content is increasing. This shows an increasing felsic towards the centre of the 
pluton. 
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Figure 3.15: Field sample MB002 locality (31o42'25"S, 152o41’45”E), red circle shows 
where sample was taken from, geology hammer for scale. 
Figure 3.16: Hand sample MB002 photo, FS = Feldspar, HB = Hornblende, QZ = 
Quartz. 
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 A. 
C. 
Figure 3.17: Thin section photo with cross polarised light of sample MB002, FS = 
Feldspar, HB = Hornblende, QZ = Quartz, image is focused on the larger 
phenocrysts in the matrix material in the micro-diorite matrix. 
Figure 3.18: Thin section photo with cross polarised light of sample MB002, FS = 
Feldspar, HB = Hornblende, QZ = Quartz, image is focused on the matrix material 
in the micro-diorite matrix. 
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3.2.5 Quartz-rich Granite and Aplite (MB001) 
 
Sample MB001 is a quartz-rich granite which has been cut by an aplite dyke (31o43'57"S, 
152o41'10"E). In hand specimen, the granite is pink in colour and contains phenocrysts of 
plagioclase along with smaller grains of quartz and hornblende which can be detected with 
the naked eye. The granite also contains a small degree of alteration. The aplite dyke is 
extremely fine grained and also pink in colour, with no individual minerals identifiable 
with the naked eye. Unlike the granite, the aplite appears fresh in hand specimen. 
In thin section (Figure 3.23, 3.24, 3.26) the granite contains both phenocrysts and smaller 
grains of quartz, which constitutes around 65% of the rock. Plagioclase is only present as 
large phenocrysts making up around 25% of the granite and K-feldspar is also present. 
Finally there are a few hornblende grains which average around 200 µm in length; with all 
crystals show moderate degrees of alteration to chlorite. 
The aplite is of similar composition to the granite though with a much finer grain size 
(Figure 3.20 and 3.22). Quartz makes up around 65% of the rock with small phenocrysts 
of plagioclase with obvious twinning constituting 20%. Rare, dark brown (iron rich) 
hornblende forms 5% of the aplite. The fine grained texture of the aplite indicates a rapid 
cooling showing the host granites were already cool at the time of intrusion. 
It is evident from both field relationships and in thin section (Figure 3.20, 3.23, 3.24) that 
the aplite intruded the granite. The contact between the aplite and granite shows that there 
is a zone of smaller crystals within the aplite, which is interpreted as a chill zone.  
As mentioned with the previous section, it is again apparent that the samples are becoming 
more felsic with progression towards the centre of the intrusion. K-feldspar has now 
developed and quartz is now the dominant mineral phase within the rock samples. The 
obvious change in colour to pink is likely due to the increased concentrations of potassium 
within the granite.  
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  A. B. 
C. D. 
E. F. 
G. H. 
Figure 3.19: Field location for sample MB001 (31o43'57"S, 152o41'10"E), red 
ring indicates the area where the rock was sampled from. 
Figure 3.20:  Hand specimen photo of sample MB001 showing the aplite, contact 
and quartz-rich granite. 
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Figure 3.1: Hand specimen photo of sample MB001 showing the quartz-rich 
granite, FS = Feldspar, HB = Hornblende, QZ = Quartz. 
Figure 3.2: Hand specimen photo of sample MB001 showing the aplite, FS = 
Feldspar, HB = Hornblende, QZ = Quartz. 
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Figure 3.3: Cross polarised thin section of sample MB001 showing the aplite, 
contact and quartz-rich granite. 
Figure 3.4: Plain polarised light thin section of sample MB001 showing the 
aplite, contact and quartz-rich granite. The plain polarised image highlights the 
fine grained nature of the contact between the aplite and granite. 
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Figure 3.5: Cross polarised thin section of sample MB001 showing the aplite, 
FS = Feldspar, HB = Hornblende, QZ = Quartz. 
Figure 3.6: Cross polarised thin section of sample MB001 showing the quartz-
rich granite, FS = Feldspar, HB = Hornblende, QZ = Quartz. 
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3.2.6 Quartz-rich Granite (MB013) 
 
Sample MB013 (31o42'0"S, 15241'7"E), which is a quartz-rich granite, was collected close 
to the centre of the pluton. In hand specimen (Figure 3.28) MB013 is light purple in colour 
and medium grained with a large number of grains easily discernible with the naked eye. 
Grains of plagioclase and K-feldspar can be seen, with the plagioclase forming rectangular 
euhedral grains. Hornblende can also be seen with the naked eye as dark green grains 
averaging 1-3mm in size. 
In thin section (Figure 3.29-3.30) quartz is the dominant mineral making up 70% of the 
rock and occurs mostly as angular grains. Weathered feldspar can also be seen comprising 
around 20% with much of the internal structure of the grains affected by alteration.  
Grains of hornblende show high degrees of alteration around the edges and also within the 
internal structure of the grains to.  
As being located closer to the centre of the pluton, the quartz-rich granite seems to 
represent a transitional rock type between the micro-granodiorite and the granite. The 
quartz-rich granite was located close to the quartz-rich granite sample MB001 and may 
represent a localised occurrence of a more felsic facies. Along with the granite, the quartz-
rich granite represents a transition from a mafic rim to a more felsic core for the intrusion. 
The possible reason for this geochemical variation is discussed in Chapter 4.   
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A. 
C. 
Figure 3.27: Field location of sample MB013 (31o42'0"S, 15241'7"E), red ring 
indicates are where the rock was sampled. 
Figure 3.28: Hand specimen photo of sample MB013, FS = Feldspar, HB = 
Hornblende, QZ = Quartz. 
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C. 
Figure 3.29: Cross polarised thin section of sample MB013, FS = Feldspar, HB = 
Hornblende, QZ = Quartz. 
Figure 3.30: Cross polarised thin section of sample MB013, BT = Biotite, FS = 
Feldspar, QZ = Quartz. 
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3.3 Petrography of Diamond Head 
 
Diamond Head is located on the Pacific Coast 6.3 km east of the Middle Brother intrusion 
(Figure 1.3). It comprises a large rhyolite lava flow which extends as a headland for 2.2 
km. Apart from the large portion of the flow being composed of rhyolite, other rock types 
located at Diamond Head include a quartz diorite intrusion, a number of dacite dykes, and 
also a number of rhyolite dykes. The Diamond Head rhyolite overlies the Camden Head 
Claystone and also a large unit of sandstone (Figure 1.3). The following section examines 
samples of rhyolite from the primary lava flow, a sample of the quartz diorite and also a 
sample of the rhyolite dyke located at the northern end of the headland (Figure 2.3 for 
sample localities).  
 
3.3.1 Rhyolite (DH002) 
 
Sample DH002 (31o43’25”S, 152o48’15”E) is a sample of rhyolite collected from the 
northern portion of Diamond Head. In hand specimen (Figure 3.32) it is pale in colour and 
appears to have undergone high levels of alteration. Small anhedral crystals of feldspar 
and quartz can be seen with the naked eye, set in a very fine grained matrix. The feldspar 
crystals are also pale in colour and appear to have also undergone high levels of alteration. 
Small crystals of quartz still appear slightly transparent and are light grey in colour.  
In thin section (Figure 3.33-3.34) there are phenocrysts of both feldspar and quartz. The 
phenocrysts average around 500 µm in size and constitute around 15% of the rhyolite. The 
matrix material, composed of sericite, quartz and remnant feldspar constitutes the 
remaining 85%, with the sericite making up the largest portion.  
Some of the quartz phenocrysts show fractures which likely occurred during mechanical 
weathering but also show fine grained feldspar crystals around the rims of the quartz 
grains (Figure 3.33-3.34). The quartz grains show smooth rounded edges adjacent to the 
fine grained crystals which may indicate re-absorption of the quartz due to increased 
temperatures. During the increase in temperature, small feldspar began to crystallize 
around the quartz grain until temperatures began to decrease again which restricted the 
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growth of the feldspar and thus preserving both the large quartz phenocrysts and small 
feldspar grains around the rim. 
The large amounts of sericite (30%) in the matrix formed from the breakdown of the 
feldspar grains (Taylor 2009). This indicates that it is likely the Diamond Head rhyolite 
was subjected to serve alteration processes. 
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B. 
 
Figure 3.31: Field sample location of sample DH002 (31o43’25”S, 152o48’15”E), 
red ring represents where the rock was sampled. 
Figure 3.32: Hand specimen photo of sample DH002, QZ = Quartz. 
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Figure 3.33: Cross polarised thin section photo of sample DH002, QZ = Quartz, SE = 
Sericite, notice small crystals forming around the larger grain of quartz. 
Figure 3.34: Cross polarised thin section of sample DH002, QZ = Quartz, SE = 
Sericite. 
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3.3.2 Rhyolite (DH010) 
 
Sample DH010 is also a sample of rhyolite, and it was sampled closer to the centre of the 
headland (31o43’30”S, 152o48’15”E). In hand specimen (Figure 3.36) DH010 appears to 
have undergone higher degrees of alteration than sample DH002. There are far less 
phenocrysts, with only remnant feldspar crystals seen with the naked eye. There are also 
areas of higher quartz concentration which appears to have formed subsequent to the 
formation of the rhyolite, likely during the alteration process. 
In thin section (Figure 3.37-3.38), the degree of alteration becomes evident with almost all 
minerals affected by some degree of alteration. There are few quartz phenocrysts which 
are unaltered. Within sections of the feldspar there are regions of sericite formation, 
though there is little to no sericite within the groundmass. Small regions of highly altered 
hornblende can also be seen along with small grains of quartz and feldspar. There are no 
euhedral crystals present within this rhyolite sample.  
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Figure 3.35: Field specimen location for sample DH010 (31o43’30”S, 152o48’15”E), 
red ring indicates where the rock was sampled. 
Figure 3.36: Hand specimen photo of sample DH010, QZ = Quartz. 
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Figure 3.37: Cross polarised light thin section of sample DH010, SE = Sericite, FS = 
Feldspar, QZ = Quartz. 
Figure 3.38: Cross polarised thin section of sample DH010, SE = Sericite, QZ = 
Quartz. 
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3.3.3 Rhyolite Dyke (DH003) 
 
Sample DH003 (31o43’32”S, 152o48’17”E) is a rhyolite dyke which cross-cuts the 
primary rhyolite flow at Diamond Head (Figure 3.39). In hand specimen, the rhyolite dyke 
is clearly finer grained than the rhyolite of the host rock. There are no visible phenocrysts 
to the naked eye and the matrix material is aphanitic. Prominent flow banding (Figure 3.9 
B) is visible within the dyke and is a good indication of flow direction, which is 
perpendicular to the host rock platform. 
In thin section (Figure 3.41-3.42), the fine grained nature of the dyke becomes apparent. 
Small grains of quartz, averaging 30 µm in size and making up 10% of the rock, show 
high degrees of alteration around the rims and also evidence of partial re-assimilation. 
Sericite is the prominent material of the matrix comprising 60% of the rock, with minor 
grains of feldspar and quartz making up the final 30%, occurring in relatively equal 
proportions. There is also evidence of very minor (3%) hornblende crystals which are 
extremely altered and barely visible in thin section apart from some regions showing the 
characteristic brown interference colour of the amphibole.  
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Figure 3.39: Field sample location (31o43’32”S, 152o48’17”E) for sample DH003. 
Red ring indicated where rock was sampled. 
Figure 3.40: Hand specimen photo of sample DH003, QZ = Quartz. 
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Figure 3.41: Cross polarised light thin section of sample DH003, QZ = Quartz, SE 
= Sericite. 
Figure 3.42: Cross polarised light thin section of sample DH003, QZ = Quartz, SE 
= Sericite. 
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3.3.4 Granodiorite (DH004) 
 
Sample DH004 (31o43’34”S, 152o48’17”E) is a granodiorite intrusion located on the 
north-eastern portion of the Diamond Head flow. The intrusion is only approximately 100 
m in diameter and can clearly be seen intruding into the rhyolite (Figure 3.43). In hand 
specimen the sample is dark grey in colour and there is evidence of minor degrees of 
alteration, though not to the level that has acted upon the rhyolite, thus indicating that the 
alteration process likely occurred prior to the intrusion of the quartz diorite. Small 
phenocrysts of feldspar can be seen as well as a small quartz vein cross cutting the 
granodiorite in the hand specimen.  
In thin section (Figure 3.45-3.46) there are larger crystals of both plagioclase feldspar and 
clinopyroxene. The plagioclase is the dominant phenocryst making up around 50% of the 
rock and the crystals show the simple twinning common to the feldspar and also minor 
alteration to the edges of the crystals. The clinopyroxene is more than likely augite, which 
is common in intermediate plutonic rocks (MacKenzie and Adams 2009). The augite, 
occurring at around 30% of the rock, shows the common simple twinning through the 
centre of the crystals, but with some containing alteration to orthoamphibole through the 
entire crystal. The matrix is predominantly composed of quartz, making up 15% of the 
rock, which average around 100 µm in size, Matrix feldspar and clinopyroxene 
comprising the final 5%. 
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 A. 
C. 
Figure 3.43: Field specimen location for sample DH004 (31o43’34”S, 
152o48’17”E), red ring indicates where rock was sampled from. 
Figure 3.44: Hand specimen photo of sample DH004, FS = Feldspar, PX = 
Pyroxene, QZ = Quartz. 
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 Figure 3.45: Cross polarised light thin section of sample DH004, FS = Feldspar, HB 
= Hornblende, PX = Pyroxene, QZ = Quartz. 
Figure 3.46: Cross polarised light thin section of sample DH004, FS = Feldspar, HB 
= Hornblende, QZ = Quartz. 
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3.4 Petrography of the Holey Flat Granitoid 
 
The Holey Flat granitoid occurs immediately west of the South Brother intrusion and has 
received little attention compared with the Brother intrusions. Occurring on an uplifted 
block surrounded by a ring fault, the Holey Flat intrusion and the Black Creek intrusion 
(not addressed), which also occurs on an uplifted block surrounded by a ring fault, appear 
to belong to a separate magmatic event than the Brother intrusions. 
 
3.4.1 Monzo-Granite (HF001) 
 
Sample HF001 (Figure 3.48) (31o44’28”S, 152o38’6”E) is a monzo-granite which was 
sampled close to the centre of the Holey Flat intrusion. The most notable feature of the 
granite is that its composition appears different to those of the Brother intrusions. In hand 
specimen (Figure 3.49) the Holey Flat monzo-granite is pink in colour and is phaneritic. 
Slightly weathered plagioclase appears to be the largest mineral (around 5mm) and occurs 
as sub-rounded white grains. A number of orthoclase grains are also visible (3mm) which 
occur as light brown rectangular grains. Minor quartz is also visible as well as what is 
pyroxene or amphibole. The matrix is pink and fine grained with no minerals visible to the 
naked eye. 
In thin section (Figure 3.50-3.51) sample HF001 contains a number of interesting features. 
The most notable feature is the presence of black and white spotted grains which appear to 
be slightly orientated. This feature is the solid state exsolution of orthoclase and albite (K 
and Na feldspar) which occurs only within a slowly cooled intrusion. As a melt with a 
strong K concentration and slight Na concentration begins to cool a system containing a 
single feldspar will begin to segregate two feldspars observed within the thin section of 
sample HF001 (Figure 3.47).  
Feldspar constitutes around 70% of the Holey Flat granite with quartz occurring at around 
25%. Highly weathered biotite constitutes around 5% of the granite with also very minor 
(<1%) hornblende crystals which are only slightly larger than the matrix material. 
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Figure 3.47: The albite-K-feldspar system. Vertical line represents the possible evolution trend of 
sample HF001. Adapted from Tuttle and Bowen (1950) and Winter (2010). 
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A. 
C. 
Figure 3.48: Field specimen location for sample HF001 (31o44’28”S, 
152o38’6”E), red ring indicated where the rock was sampled from. 
Figure 3.49: Hand specimen photo of sample HF001, FS = Feldspar, PX = 
Pyroxene, QZ = Quartz. 
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Figure 3.50: Cross polarised light thin section of sample HF001, FS = Feldspar, 
HB = Hornblende, PX = Pyroxene, QZ =Q Quartz. 
Figure 3.51: Cross polarised light thin section of sample HF001, FS = Feldspar, 
HB = Hornblende, QZ = Quartz. 
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3.5 Petrography of Jolly Nose Conglomerate Clasts 
 
The Jolly Nose Conglomerate is located approximately 7.5 km northeast of the Middle 
Brother. JN001 is a volcanic clast and sample JN002, which is a sandstone clast. Both 
samples were sampled from the upper portion of the unit, which directly underlies the 
Laurieton Conglomerate (Figure 1.4). The Jolly Nose Conglomerate is extremely 
weathered in all outcrops, and the samples taken were from an area which appeared.  
 
3.5.1 Volcanic Clast (JN001) 
 
Volcanic Clast sample JN001 (31o34’40”S, 152o48’1”E) is important due to there being 
no previous description of any volcanic clasts in this unit (c.f. Pratt 2010). In hand 
specimen (Figure 3.13 B) the volcanic clast is predominantly white in colour apart from 
the phenocrysts present which are a dark grey. The phenocrysts appear to be both quartz 
and feldspar with quartz being the more abundant phenocrysts. The matrix is aphanitic and 
contains iron oxide as a coating and along fractures. 
In thin section (Figure 3.13 C-D) the phenocrysts of both quartz and plagioclase feldspar 
can be seen. The quartz makes up around 30% of the rock with the plagioclase around 
25%. The matrix is composed of very fine grained quartz and feldspar comprising 45% of 
the rock. In some places there are small hornblende grains which are extremely small and 
show moderate amounts of alteration to chlorite. A large portion of the matrix is difficult 
to determine due to the degrees of alteration and being a fine grained matrix. 
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Figure 3.52: Field specimen location of sample JN001 (31o34’40”S, 152o48’1”E), 
red ring indicates location where the rock was sampled from. 
Figure 3.53: Hand specimen photo of sample JN001, FS = Feldspar, QZ = Quartz. 
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Figure 3.54: Cross polarised light thin section of sample JN001, FS = Feldspar, 
QZ = Quartz. 
Figure 3.55: Cross polarised light thin section of sample JN001, HB = Hornblende, 
QZ = Quartz. 
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3.5.2 Sandstone Clast (JN002) 
 
The sandstone clast, JN002 (31o34’38”S, 152o48’1”E) is a lithic sandstone collected 
approximately 20 m from sample JN001 (Figure 3.56) and is more typical of the clasts 
found in the Jolly Nose Conglomerate. In hand specimen (Figure 3.57) the sandstone is 
dark grey in colour, with slightly more pale crystals which are quartz and feldspar 
occurring in relatively equal portions. There are also small crystals which are slightly 
brown in colour and appear to be slightly altered. 
In thin section (Figure 3.58-3.59), the crystals of both quartz and plagioclase can be seen 
and do in fact appear in equal portions, averaging around 200-250 µm in size and 
comprises 85% of the sandstone clast. The grains are typically angular and show minimal 
mechanical weathering indicating a possible proximal source. There are regions of small 
hornblende crystals which occur as needles in-between the grains of quartz and 
plagioclase and are around 100 µm in length. Sericite also occurs on a few grains though 
are few in number; the sericite typically appears on a number of the larger plagioclase 
crystals. 
 
 
 
3-70 
 
 
Figure 3.56: Field specimen location for sample JN002 (31o34’38”S, 
152o48’1”E), red ring indicated the location where the rock was sampled from. 
Figure 3.57: Hand specimen photo of sample JN002, FS = Feldspar, QZ = Quartz. 
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Figure 3.58: Cross polarised light thin section of sample JN002, FS = Feldspar, QZ = 
Quartz. 
Figure 3.59: Cross polarised light thin section of sample JN002, ZR = Zircon, HB = 
Hornblende, QZ = Quartz. 
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4 Geochemistry 
 
4.1 Introduction 
 
The following section examines the geochemical data acquired on igneous from the Lorne 
Basin. Analyses were done using both a portable XRF for a preliminary reconnaissance on 
the rocks, and then laboratory XRF on powdered samples for more accurate results. 
Combination of both the geochemical data and the petrographic analyses (presented in the 
previous chapter) provides a detailed interpretation of igneous processes and settings. 
The data is first examined by itself and then it is compared and contrasted with 
geochemical data from the southern New England Batholith (data within from Bruce 
Chappell’s geochemical database 2010) and the Median Batholith from the east coast of 
Australia into Zealandia (data obtained from GNS Science PETLAB database, New 
Zealand). 
Fine grained volcanic rocks are classified using the TAS diagrams (Le Bas et al 1986, 
Middlemost 1994) and geochemical trends and traits are examined using Harker plots and 
spider diagrams. Plutonic rocks are classified using a number of different tectonic 
discrimination plots (Pearce et al, 1984; Batchelor and Bowden, 1985; Whalen et al, 1987; 
Maniar and Piccoli, 1987). The plutonic rocks are also examined using various Harker 
plots and spider diagrams.   
 
4.2 Classification of the Lorne Basin Granitoids 
 
Granitoid rocks are the most abundant rock type in the continental crust and a way of 
classifying these rock types needed to be developed. Over the years various classification 
schemes have been developed, though no single method has achieved widespread use 
(Frost et al 2001, Maniar and Piccoli 1989, Pearce et al 1984, Batchelor and Bowden 
1985, Whalen et al 1987, Sylvester 1987, Schandl and Gorton 2002). The most widely 
used classification plot is that of Pearce (1984) which used Rb-(Y+Nb) to classify 
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granitoids into a distinctive tectonic setting. Although not perfect, it is a useful tool for a 
preliminary classification. 
The initial classification of the Lorne Basin granites was done to determine whether they 
were S- (sedimentary protolith), I- (igneous protolith) or A-type (anorogenic) granites 
(Chappell and White 1992). Plotting of the XRF data obtained from the granitoids of the 
Lorne Basin (Figure 4.1) into the A-T\type classification plots of Whalen (1987) shows a 
combination of both I-/S- type granites as well as A-type granites. Considering the Lorne 
Basin is likely a foreland/back-arc basin (Li et al 2012), it can be assumed that the granite 
types are more likely I-type rather than S-type. A transition from I- to A-type granite in a 
subduction-related setting typically occurs where the magma source is from deeper 
portions of the subducted plate combined with rifting within a basin which leads to 
decompressional melting of the underlying mantle (Li et al, 2007).  
Within a ternary Na2 + K2O, CaO, Al2O3 plot (Figure 4.2) all samples plot within the 
peraluminous field indicating, and enrichment in aluminous minerals which is represented 
by: 
[Al2O3]mol > [Na2O]mol + [K2O]mol + [CaO]mol (Shand, 1951) 
The granites were also classified using the SiO2 vs. K2O plot (Peccerillo and Taylor, 1976) 
(Figure 4.3) with most samples classified as high K calc-alkaline in character, but with 
samples DH004 and MB011 falling within the calc-alkaline series. 
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Figure 4.1: A-type classification plot (Whalen et al, 1987). Samples include all granitoids from the 
Lorne Basin. 
 
To discriminate between A-type and Cordilleran granitoids, the Lorne Basin granites were 
plotted in the ∑Fe (Fe number) vs. SiO2 classification diagram (Figure 4.4) which showed 
all fall in the A-type field apart from sample DH004 which falls within the Cordilleran 
granite field.  
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Figure 4.2: Ternary plot showing peraluminous, peralkaline and metaluminous 
fields, data shows all Lorne Basin granitoids. 
Figure 4.3: SiO2-K2O plot for the Lorne Basin granitoids. 
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To determine their tectonic setting, the granitoids were plotted into the Pierce (1984) (Y + 
Nb) vs. Rb and Y vs. Nb diagrams (Figure 4.5). In these diagrams, the Lorne Basin 
granites plot between volcanic arc granites + syn-collisional granites and within plate 
granites. The likely tectonic setting which matches this tectonic signature is outlined in 
Chapter 6. 
 
Figure 4.5: Pearce diagram showing the Lorne Basin Granitoids, WPG = within plate granite, 
VAG = Volcanic arc granite, COLG = collisional granite, ORG = Ocean ridge granite. 
Figure 4.4: Plot of Fe number (∑FeO/(∑FeO+MgO)) versus SiO2 for 
the Lorne Basin granitoids. 
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4.3 Granitoids and Volcanic Rocks of the Lorne Basin 
 
Overall the Brother Granitoids are very similar in composition and two SHRIMP U-Pb 
zircon dates have been produced (Chapter 5) which yield the same age. Thus from the 
zircon dating it can be surmised that the three Brothers are coeval. Also the zirconology 
has demonstrated that the rhyolites are only marginally older and can be treated together 
with the three Brothers. 
 
4.3.1 Major and Minor Element Oxides 
 
The Brother granitoids and volcanic rocks have 63.2-80.2 wt % SiO2 and Harker diagrams 
are shown in Figure 4.6. Ti within the Lorne Basin igneous rocks is likely held with the 
hornblende which was seen in thin sections (see Chapter 3). There were small amounts of 
visible biotite and illmenite which also holds Ti. There is a decreasing linear trend of TiO2 
with increasing SiO2 where the more mafic samples contain higher concentrations of 
hornblende, biotite and ilmenite, with no visible rutile (Winter, 2009; Gill, 2010). In the 
spider diagram (Figure 4.7) all samples show strong negative Nb and Ti anomalies, 
reflecting retention of Ti bearing phases in the source region, plus fractionation of mafic 
minerals such as hornblende during ascent. The samples which contain low concentrations 
of TiO2 reflect a more evolved melt (Winter, 2009). 
The concentration of Al2O3 shows a more scattered distribution compared with the TiO2 
distribution although there is still an obvious linear negative trend. The samples which 
show higher concentrations of Al2O3 are likely related to a higher concentration of 
plagioclase and hornblende which holds Al2O3 (Pellant, 2000; Gill, 2010). Some of the 
samples (NB001 NB007, MB001 and MB013) contain accessory K-feldspar which also 
will hold Al2O3 (Gill, 2010). A-type granite typically has a higher concentration of Al2O3 
around 13 wt % (Clemens et al, 1986). The lower concentration of Al2O3 within the 
rhyolite samples from Diamond Head is likely due to the breakdown of feldspar (see 
Chapter 3) which is due to the alteration observed. Although, sericite is a variety of 
muscovite which also contains Al which is why there is still Al within the rhyolite 
(Pellant, 2000; Winter, 2009).  
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The low MgO abundance reflects a more evolved melt with higher Fe/Mg, and will be 
held in hornblende (Chappell and Stephens, 1988; Bacon, 1992; MacKenzie and Adams, 
2009). This is a common process within igneous systems when a melt transitions from a 
mafic to a silicic (Winter, 2009). Two samples contain higher concentrations of MgO 
(DH004 and MB011) which both contain higher concentrations of hornblende. 
P2O5 is low (<0.1 wt %) apart from two samples from the Middle Brother which is held 
within apatite. There is little to no apatite apparent in thin section apart from MB001 and 
MB011 due to apatite being a common accessory mineral. This signature is also consistent 
with low temperature I-type granites (Chappell et al, 1998) and is also likely linked to the 
low solubility of P in felsic lower temperature melts (Harrison and Watson, 1984). 
There is an inverse correlation between the CaO and K2O with the CaO portioning into 
plagioclase and hornblende and K2O partitioning into K-feldspar which becomes more 
concentrated with increasing SiO2 (Figure 4.6). Samples which contain higher 
concentration of CaO all occur closer to the outer rim of the intrusion with which they are 
located. The higher and more variable concentrations of K2O supports a more subduction 
related melt (Rottura et al, 1998). 
Na2O concentrations occur between 4-5.5 wt% for the Lorne Basin igneous rocks. Na2O is 
held in plagioclase and to a lesser extent hornblende (Pitcher, 1993; Raymond, 1995; 
Winter, 2009). The two samples from Diamond Head reflect the breakdown of the 
plagioclase due to alteration leading to low concentrations of Na2O. 
There is a negative linear trend of FeOt with increasing SiO2. This negative trend is 
common with the continued fractionation of a melt from a mafic to felsic system. The 
highest concentration of FeO within the Middle Brother sample is linked to the oxidation 
of the intrusion and the precipitation of hematite which was visible in hand specimen 
(Robb, 2005). The continued breakdown of ferromagnesian minerals such as hornblende 
leads to the negative trend examined within Figure 4.6 (MacKenzie and Adams, 2009). 
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Figure 4.6: Harker Plot for the Lorne Basin granitoid and volcanic rocks showing the major element oxides against SiO2. 
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4.3.2 Trace Elements 
 
The depletion of Nb relative to K and Ti relative to Y indicates a subduction-related 
setting (Hill et al, 1992; Whalen et al, 1996; Ajaji et al, 1998; Soesoo, 2000; Li et al 2007; 
Winter, 2009; Gill, 2010) (Figure 4.7). Nb is a high field strength element that partitions 
into Ti rich phases such as rutile that remain in the subducted. The enrichment of Pb also 
supports this interpretation because Pb preferentially enters the aqueous phase during the 
dewatering of the subducted slab, and leads to enrichment of the mantle wedge. The 
relative depletion of Ti is amplified with fractional crystallisation of Fe-Ti oxides (Gill, 
2010). Y (heavy rare earth element) acts as a proxy for medium to heavy rare earth 
elements due to its charge/ionic radius (placed between Dy and Yb). Thus its lower 
abundance in the primitive mantle plot compared to La and Ce (light rare earth elements) 
(Figure 4.7) is also a characteristic attribute of subduction-related and crustally derived 
magma (Winter, 2009; Gill, 2010). 
The low abundance of Rb is in accord with the low K content as shown by only accessory 
alkali feldspar and little or no biotite (Faure, 1986; Chappell, 1996; Grigoriev and 
Pshenichny, 1998; Gill, 2010). The increase Rb concentration with increased SiO2 
concentration matches the increased abundance of alkali feldspar with the increased 
evolution of the melt. 
Sr and to a lesser degree Ba both partition into plagioclase (Jenner, 1996). There is a 
negative linear trend in Sr with increased SiO2 which is related to the breakdown of 
plagioclase with increased crystal fractionation (Wyborn et al, 1987; Hatipoglu et al, 
1994; Chappell et al, 1998; Wyborn, 1998; Rossitier and Gray, 2008; Winter, 2009). The 
two negative anomalies of Sr shown by the two samples of the Diamond Head rhyolite 
corresponds to the breakdown of plagioclase due to high degrees of weathering. The Ba 
signatures support this signature due to the two Diamond Head rhyolite samples showing a 
strong negative Ba reading corresponding to the breakdown of the plagioclase. 
There is overall a high Zr concentration (>300 ppm) which is reflected in the high zircon 
yield obtained from the North Brother monzo-granite sample used for SHRIMP U-Pb 
zircon dating (see Chapter 5). High Zr content is a trait of A-type granites and also 
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indicates either a highly evolved melt or an enriched source (Belousova et al, 2002). High 
concentration of Zr is consistent with high concentration of Na2O indicating a sample 
which has undergone small degrees of alteration (Deer et al, 1992; Rubin et al, 1993). 
The low abundance of Ni and Cr in these rocks is in accord with the low amounts of 
ferromagnesian minerals, particularly with very rare pyroxene and no olivine present 
(Winter, 2009; Gill, 2010). 
The relative enrichment of the melt and the slope of the data (Figure 4.7) indicates a more 
crustal contaminated melt similar to contaminated Andean andesite rather than arc related 
volcanics (Gill, 2010). This shows a more cordilleran granite type similar to those of the 
Andes which contradicts the results obtained in Figure 4.7. 
 
 
Figure 4.7: Spider Plot normalised to primitive mantle showing the trace element data for the 
Lorne Basin granitoid and volcanic rocks.
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Figure 4.8: Harker Plot (1) for the Lorne Basin granitoid and volcanic rocks showing the trace elements matched against SiO2. 
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Figure 4.9: Harker Plot (2) for the Lorne Basin granitoid and volcanic rocks showing the trace elements matched against SiO2. 
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4.4 Comparison with other Granitoids of the southern New    
England Orogen and Zealandia 
 
4.4.1 Major and Minor Element Oxides 
 
The Coastal Suite of the New England Batholith and the Median Batholith of New 
Zealand show similar major and minor element oxide (Figure 4.10) trends and the 
variation within these reflect a typical evolutionary trend shown by progressive crystal 
fractionation. 
The SiO2 content for all granites range between 60-80 wt % with a number of outliers in 
the Median Batholith containing 40 wt %. The Al2O3 concentrations for all granitoids 
range between 12-17 wt % with each of the granitoid suites ranging throughout most of 
the compositional range. The granites with the higher Al2O3 would contain higher portions 
of plagioclase as opposed to those with a composition around 12 wt% (Gill, 2010). Due to 
the similar geochemical signature for both the Coastal Suite and the Median Batholith, it 
can be safe to assume that the granitoids within these suites have similar mineralogical 
controls.  
A sharp decrease in TiO2 with increasing SiO2 would indicate the fractionation of Ti rich 
minerals with progressive granite evolution. Thus the granites with the highest 
concentration of TiO2 have higher abundances of amphibole and Fe-Ti oxides. Although 
absent in the Lorne Basin granites, the presence of rutile (although unlikely) may account 
for the higher concentration of Ti within the Coastal and Median Batholith granites. Small 
quantities of biotite are the likely reason for the higher Ti concentrations within the Lorne 
Basin granites and this may reflect the behaviour of the other granites suites due to the 
close relationship in geochemical signatures. 
The low concentrations of MgO for all granitoids likely reflects the low modal abundances 
of hornblende (Winter, 2009). The concentration of P2O5 is also low for all granitoid 
suites occurring below 0.4 wt%. This low concentration is likely a result of low apatite 
abundances which is observable within the Lorne Basin granite thin sections (Chappell et 
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al, 1998) (see Chapter 3). Again, the geochemical signature between the three suites is 
almost identical representing a similar evolutionary path. 
CaO and K2O show the same inverse relationship between the granitoids of all three 
suites. All three suites show a low concentration of CaO with a slightly higher 
concentration of K2O representing the replacement of plagioclase with K-feldspar. 
However, the Median Batholith K2O concentrations are all below 2 wt% with those of the 
Lorne Basin and Coastal Suite are all above 2 wt%. This may reflect distance from the 
subduction zone with low K2O concentrations representing lesser crustal contamination 
close to the trench and higher K2O concentrations representing a higher degree of crustal 
contamination further away (Grigoriev and Pshenichny, 1998; Rottura et al, 1998). This 
may indicate that the Median Batholith granites within New Zealand were emplaced 
closer to the subduction zone trench resulting in less K2O incorporation. 
Na2O concentration is around 3-5 wt% for all granitoids with a few Lorne Basin granitoids 
containing a low Na2O concentration around 0.1 wt% which is associated with the 
breakdown of plagioclase. Higher Na2O concentration is usually an indication of I-type 
granites (Kleemann and Twist, 1989; Raymond, 1995). This is compatible with the 
transitional I-/A-type signature (Figure 4.1) for the Lorne Basin granites where the 
samples are low in Na2O may represent the more A-type granitic rocks where those with a 
higher concentration of Na2O may represent the I-type granites. 
The FeOt concentrations are variable with the Median Batholith granites contain the 
lowest concentration of Fe, whereas the Lorne Basin granites have the highest 
concentration. This may reflect an overall more evolved nature for the Lorne basin 
granitoids.  
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Figure 4.10: Harker plot of major element data from the Lorne Basin (LB), the Coastal Suite (CS) of the New England batholith and the Median batholith (NZ) from New Zealand, 
matched against SiO2. 
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4.4.2 Trace Elements 
 
The trace element data for the Lorne Basin, Coastal Suite and Median Batholith show 
some similarities between geochemical signatures as well as some notable differences. 
The noticeable similarity between all three suites is the subduction zone signature in all 
three spider plots (Figure 4.11).  
A number of the trace elements (such as Ba, Ni and Cr) contain similar geochemical 
signatures between all three granitoid suites. The similarity in the Ba signature is likely 
related to the exclusion of Ba from almost all minerals except alkali feldspar (Winter, 
2009). All three granitoid suites contain similar K2O signatures which relates to the 
breakdown of feldspar. The slightly higher concentration of K2O would lead to the 
incorporation of Ba into the alkali feldspar which would explain the similar Ba trends in 
the Harker plots (Figure 4.13) and the shared negative anomalies in the spider plots 
(Figure 4.11).  
Ni and Cr are also two trace elements which behave in similar manners in relation to more 
evolved granitic melts. Both Ni and Cr are highly compatible elements where Ni 
incorporates itself into olivine where Cr concentrated into clinopyroxene (Winter, 2009; 
Gill, 2010).  
The noticeable separation of the remaining Median Batholith trace signatures with those 
of the Lorne Basin and the Coastal Suite (Figure 4.24) is likely related to the difference in 
subduction zone setting mentioned in the previous section. 
Sr is significantly higher in the Median Batholith granites compared with those of the 
Lorne Basin and Coastal Suite granites. Higher concentrations of Sr would reflect a higher 
abundance of plagioclase. High concentration of plagioclase would reflect the source 
material where granitic rocks with a SiO2 concentration higher than 69 wt % (the Median 
Batholith granites are all above 69 wt% SiO2) which have a strong concentration of Sr 
reflects the characteristics of some I-type granites (Sawka et al, 1990).  
Lower concentration of Zr within the Median Batholith compared with the Lorne Basin 
and Coastal Suite granitoids also supports emplacement of the Median batholith closer to 
the subduction zone trench due to higher concentrations of Zr occurring within more 
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highly evolved melt. Increased contamination of the continental crust and progressive 
crystal fractionation leads to higher concentrations of Zr within the residual melt due to its 
incompatibility and results in the crystallisation of zircon within later stage granites (Chen 
et al, 1990). Higher concentration of Zr also reflects higher concentrations of Na2O which 
is observable in all three granitic suites and represents minimal alteration (Deer et al, 
1992). 
As a result of the above mentioned trace element signatures, the three granitic suites were 
plotted into I-, S- and A- type classification plot (Figure 4.12) to determine the 
composition of the Median Batholith granites. Both the Lorne Basin granites and the 
Coastal Suite granites tend to plot across the field between I- and A-type granites 
indicating a possible transition in composition. Whereas the Median Batholith granites 
tend to cluster within the I-, and S-type field, and going off the major geochemical results 
and their comparison to the Lorne Basin and Coastal Suite granites, it is likely that the 
Median Batholith granitoids are I-type in composition. This would support the theory that 
the Median Batholith granites were emplaced close to the subduction zone trench and 
form with minimal interaction with the continental crust. 
 
4-89 
 
 
4-90 
 
Figure 4.11: Spider plots for (Top) the Lorne Basin, (Middle) The Coastal Suite of the New 
England Batholith and (Bottom) the Median Batholith of New Zealand, normalised to primitive 
mantle. 
Figure 4.12: I-, S- and A-Type discrimination plot showing the Lorne Basin (LB), Coastal Suite (CS) of the New 
England Batholith and the Median Batholith (NZ) of New Zealand. 
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Figure 4.13: Harker plot of traces for the Lorne basin (LB), the Coastal Suite (CS) of the New England Batholith and the Median Batholith (NZ) of New Zealand, matched against 
SiO2. 
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5 U-Pb SHRIMP Geochronology 
 
5.1 Introduction 
 
The importance of being able to measure absolute time in geology is paramount in 
understanding the evolution of the Earth. The timing of geological events through 
interpretation of structural features preserved within the rock, known as relative age, has 
enabled geologists to place a generalised timeframe for the evolution of a number of 
earths processes (Williams 1998). The importance in developing procedures to measure 
the absolute timing of geological events has been a major event in Earth Sciences. 
This chapter will present SHRIMP zircon U-Pb analysis of four samples plus Temora 
standards. Previous zircon analyses were conducted by Phillip Blevin (unpublished) on the 
Middle Brother intrusion with a repeated age of 212.5±1.6 Ma with an MSWD (Mean 
Square Weighted Deviate) of 0.75. There were also K-Ar dates produced for the Middle 
brother by McDougall and Wellman (1976) which yielded an age of 205±6 Ma and also 
an age of 209-210 Ma produced by the same procedure by Graham (2006).There has been 
no ages reported for the North Brother, which is mentioned in section 5.5, or the Diamond 
Head rhyolite mentioned in section 5.6.  
 
5.2 U-Pb Isotopes and SHRIMP Geochronology 
  
The development of radioisotope geochronology has allowed the determination of precise 
and accurate ways to date geological materials. Radioisotope geochronology operates on 
the principle that the nucleus of an isotope will decay at a constant rate and the number of 
decays that occur per unit of time is proportional to the number of atoms within the given 
isotope (Williams 1998). This process is shown in the formula for radioactive decay: 
D=Po (1-e
-λt) 
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Where (D) is the number of daughter atoms produced after a period of time (t) from the 
number of radioactive parent atoms (Po). 
The two radioisotopes used in the calculation of the Pb/U age are: 
238U decays to 206Pb with a half-life of 4.47x109yr 
235U decays to 207Pb with a half-life of 0.704x109yr 
The U-Pb system contains a number of advantages in that the system is paired, and the 
two isotopes of U (235U and 238U) decay at different rates to their two daughter isotopes of 
Pb (207Pb and 206Pb respectively). As the U decays there is an accumulation of radiogenic 
Pb and the isotopic composition of the Pb also changes, providing an independent measure 
of time. The age calculated from Pb/U ratio can be compared with the calculated Pb 
isotopic composition (207Pb/206Pb) to determine of the system has remained closed 
(Williams 1998).  
Zircons are good for geochronology for a number of reasons. During formation, zircon 
only incorporated U into its crystal structure and not Pb. This indicates that all Pb within 
the zircon crystal has occurred due to decay of the U within the crystal, meaning the U 
clock is set at zero. Zircon, with a hardness of 7.5 is also chemically and mechanically 
resistant. During processes which would destroy most other minerals, zircon remains 
unaffected allowing for survival within destructive systems. Highly crystalline zircon has 
a high diffusion threshold which occurs at around 1000oC (Corfu et al 2003). Thus a 
zircon crystal can withstand high melt temperatures and the zircon clock is not reset. 
Although, Pb can leak from damaged crystals due to radiation and result in younger 
apparent ages. 
The Sensitive High Resolution Ion Microprobe (SHRIMP) , which was developed at the 
Australian National University, was designed to analyse geological material with high 
mass resolution to eliminate most isobaric interferences whilst maintaining the highest 
possible sensitivity (see Figure 5.1) (Ireland 1995, Clement et al 1977). A cold-hollow-
cathode duoplasmatron generates 16O2
- ions that are focussed and fired at ~15-20µm 
domains in the target zircon (Ireland 1995).  
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A number of TEMORA standards (Black et al 2004) were used with a known age of 417 
Ma. These zircons were analysed interspersed with the unknowns, in order to calibrate the 
U/Pb isotopic ratios. A single analysis of SL13 (U=238 ppm) was used to calibrate U, Th 
and Pb abundances in the analysed session (see Figure 5.2).  
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 Figure 5.1: Sensitive High Resolution Ion Microprobe 2 (SHRIMP-2). (Above) image of the 
SHRIMP-2 used at the Australian National University and also used for the analyses done 
in the following sections. (Below) schematic diagram of the SHRIMP-2 analyser. 
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Figure 5.2: Temora standards used in the SHRIMP analysis. 16 crystals were analysed in total. Rings indicate sites that were used for 
analysis. Sample in red was not included in the standard analysis. 
5-97 
 
5.3 Jolly Nose Conglomerate 
 
5.3.1 Volcanic Clast Zircons 
 
5.3.1.1 Zircon description 
 
Zircon crystals were extracted from the same volcanic clast analysed in chapter 3.6.1. In 
total 12 zircon crystals were obtained from the volcanic clast with 8 crystals selected for 
analysis (see Figure 5.3). Cathodoluminescence images of the zircons show well-
developed euhedral to subhedral grains with some crystals broken in half. Almost all the 
grains contain oscillatory zoning with most containing a distinctive core. Sample V-1.1 
and V-5.1 contain pitting around the edges as well as within the zircon boundary. Only 
minor parts of the grains show poorly developed zoning. The most well defined growth 
zoning within each crystal was targeted for analysis with sample V-2 analysed twice, in 
order to obtain ages on both a core and rim. 
Some of the zircons (V-1.1, V-2.1/2, V-7.1, and V8.1) contain a notable change in zoning 
brightness from areas of higher U/Th concentration to regions of relative depletion. The 
remaining samples show little change in oscillatory brightness, though obvious zoning is 
present. The cores of the zircons may represent a separate magmatic event which resulted 
in their initial crystallization while later magmatic evolution leads to the zoning around the 
rims. 
The mixture of both rounded and elongate grains indicate both a volcanic and also a 
plutonic source. There is a larger majority of rounded grains indicating there was a large 
amount of plutonic crystals entering into the volcanic melt. The grains show a high 
number of narrow but common oscillatory zoning which supports a volcanic zircon (Corfu 
et al 2003). 
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Figure 5.3: Volcanic clast zircons used during the SHRIMP-2 analysis. 8 zircon crystals were 
analysed in total. Rings indicate the sites analysed. Samples in red were the ages used in the age 
calculation. 
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5.3.1.2 U-Pb Results 
 
The volcanic clast obtained from the Jolly Nose Conglomerate provided a number of 
differing ages (Table 5.1). There are two apparent age peaks which occur at late Triassic- 
early Jurassic and also mid to late Carboniferous (Figure 5.4). The Carboniferous age is 
likely to be associated with the sediments which the volcanic clast was found, i.e. material 
adhering to the surface. The sandstone clast which was analysed for zircon ages (see 
section 5.4.2) contains late Carboniferous grains. Thus it can be assumed that the volcanic 
clast has incorporated these zircons from the surrounding sediments, possibly during 
fluvial processes. 
Two analyses, centre V-2.2 and whole grain V-7.1 yielded young 206Pb/238U ages, with a 
mean age of 217±10 Ma (95% confidence, MSWD=0.21). This is interpreted to suggest 
the volcanic clast has an age of c.220 Ma. The margin of grain V-2.1 has a younger 
apparent 206Pb/238U age of ~198 Ma. This site shows high U and more common 
(contaminant) Pb (f206  ͌0.01). Therefore this site was considered disturbed and not 
included in the age calculation.  
The 217±10 Ma is marginally older than the ages obtained for the Middle and North 
Brother intrusion. It is possible that the volcanic clast may have a chemical association 
with either the Holey Flat intrusion of the Black Creek intrusion, though the age of these 
two intrusions was not obtained for comparison. 
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Table 5.1: SHRIMP results for volcanic clast, e=edge, osc=oscillatory, p=prismatic. V-2.1 excluded due to high f206 value (f206 is the portion of 206pb 
that is sin common Pb, not in situ or of uranogenic origin), all results are to 2σ error. Samples in bold indicate samples used in age calculation. 
 
Labels site U/ppm Th/ppm Th/U f206 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 
AGE 
6/38 
± 
age6/38 
V-1.1 e,osc,p 162.69 271.84 1.67091 0.00472 0.04912 0.00385 20.73406 0.78074 303.64 11.18 
V-2.1 e,osc,p 473.78 289.33 0.61068 0.0104 0.04275 0.00278 31.98068 0.94052 198.48 5.75 
V-3.1 e,osc,p 439.49 235.66 0.53622 0.00167 0.05318 0.00147 20.66448 0.98554 304.64 14.21 
V-4.1 e,osc,p 783.66 1485.15 1.89516 0.00068 0.05327 0.00093 21.01312 0.58307 299.7 8.13 
V-5.1 e,osc,p 634.62 1017.57 1.60343 0.00212 0.05165 0.0015 21.02216 0.5854 299.58 8.16 
V-6.1 e,osc,p 371.92 195.1 0.52458 0.0038 0.05024 0.00189 19.39902 0.58021 324.02 9.46 
V-7.1 e,osc,p 434.33 218.32 0.50265 0.00516 0.04758 0.00195 29.02403 0.86096 218.37 6.37 
V-8.1 e,osc,p 318.42 455.7 1.43113 0.00419 0.05041 0.00131 19.79079 0.84058 317.77 13.18 
V-2.2 c,osc,p 421.53 271.88 0.64497 0.00064 0.05268 0.00113 29.68943 1.19727 213.55 8.48 
            
    217±10 Ma 95% conf MSWD=0.21      
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 Figure 5.4: (Above) Terra-Wasserburg Plot showing the ages for the volcanic clast zircons. 
(Below) Cumulative Gaussian Distribution Plot for the volcanic clast zircons. 
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5.3.2 Sandstone Zircons 
 
5.3.2.1 Zircon Description 
 
The sandstone clast only gave a small yield of zircons. All crystals are similar in texture 
and are euhedral grains, some with small cores surrounded by larger growth zones. In 
total, 6 crystals were analysed for U/Pb ages with all oscillatory zoning domains around 
the inherited cores.  
The zircon crystals obtained from the sandstone clast appear to be of similar structure to 
the crystals from the Diamond Head rhyolite. The crystals are elongate with narrow and 
common oscillatory zoning. This crystal texture is common for aplitic zircon crystals 
(Corfu et al 2003) and possibly indicates a similar source between the Diamond Head 
zircons and the sandstone clast zircons. This also indicates that the crystals are likely 
derived from a highly evolved volcanic source.  
The small inherited cores in some grains appear brighter with cathodoluminescence and 
others appear darker. This change in brightness is a possible indicator for a change in U 
concentration where brighter images indicate a lower U concentration and darker indicates 
a high U concentration (Corfu et al 2003). None of the crystals appear to contain any 
fracturing across the oscillatory zones (Figure 5.5) which indicates the crystals have not 
been ruptured by alteration and expansion of the older cores by radiation damage. 
The inherit cores must indicate earlier crystal growth due to the change in orientation from 
the core to the growth of the oscillatory zones (S-1.1).  
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Figure 5.5: Sandstone clast zircons used for analysis. 6 crystals were analysed in total. Rings 
indicate sites used for analysis. 
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5.3.2.2 U-Pb Results 
 
The zircons obtained from the sandstone from Jolly Nose provided 2 peak ages with slight 
disturbances to the isotopic system. The zircon which provides an age of 554Ma is likely a 
zircon which has come from older rocks outside the Lorne Basin and incorporated into the 
sandstone. The other samples provide an age of around 320 Ma with a larger age 
distribution. An average age was not provided for the sandstone clast due to the zircons all 
likely to have come from a number of different sedimentary sources of slightly different 
age. This variable age range is shown in both the Gaussian distribution plot, as well as the 
Concordia plot which shows moderate scatter of the ages beyond analysed error (see 
Figure 5.6). 
The purpose of analysing this sandstone was to try and define a minimum deposition age 
for the Lorne Basin, because its youngest detrital zircons will give the oldest time of 
deposition. The maximum age determined for the Lorne Basin, as provided by the 
sandstone clast is c.320 Ma. This age does not correlate with the assumed formational age 
of the basin in the Permo-Triassic. Thus all the zircon grains within the sandstone came 
from older basement rocks. 
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Labels Site  U/ppm Th/ppm Th/U f206 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 
AGE 
6/38 
± 
age6/38 
S-1.1 e, osc, p 494.77 302.95 0.61231 0.00265 0.05245 0.00116 20.25808 0.75747 310.61 11.35 
S-2.1 e, osc, p 168.61 316.47 1.87686 0.00568 0.05585 0.00175 11.14951 0.40329 553.7 19.22 
S-3.1 e, osc, p 381.19 213.67 0.56053 0.00066 0.05226 0.00103 18.20955 0.58132 344.63 10.72 
S-4.1 e, osc, p 169.93 97.54 0.57399 0.00998 0.04487 0.0027 19.89798 0.82337 316.1 12.78 
S-5.1 e, osc, p 281.15 199.2 0.7085 0.00295 0.05072 0.00158 19.85486 0.79305 316.77 12.36 
S-6.1 e, osc, p 445.32 222.21 0.49899 0.00295 0.05181 0.00156 18.87388 0.75664 332.81 13.02 
Table 2: SHRIMP analysis for sandstone samples, e=edge, osc=oscillatory, p=prismatic. No mean age was calculated due to all zircons likely being 
detrital crystals from a number of different sources. 
 
Figure 5.6:  (Left) Terra-Wasserburg Plot for sandstone clast. (Right) Cumulative Gaussian distribution plot for sandstone matrix. 
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5.4 North Brother Monzo-Granite 
5.4.1 Zircon Description 
 
In total 11 zircons were analysed from the North Brother monzo-granite with grain D.9 
containing 2 analyses, one from its centre and another from its exterior growth rings 
(Figure 5.7). The most notable feature from the diorite zircons is the apparent lack of any 
obvious inherited older cores. This structure is characteristic of I-type granites in which 
zircons have little to no inherited components as opposed to S-type granites with abundant 
inherited cores (Williams 1978). A large portion of the zircons obtained from the North 
Brother are euhedral to subhedral stubby prisms with almost no zircons that are needle 
shaped. This structure and the overall bigger size of the zircons suggests a deep seated, 
slowly cooled intrusion (Corfu et al 2003).  
The presence of small cores would indicate that there was a large degree of re-absorption 
of the initial zircon early in its magmatic history. These zircon centres can then act as the 
seed for the formation of new zircon around the rim (Corfu et al 2003). The rims show no 
evidence of fracturing which would indicate that the core in depleted in U relative to the 
rim (Corfu et al 2003).  
The breadth of the growth rims over the small cores also match a conclusion made by 
Hoskin (2000), where the thickness and frequency of the oscillatory banding within the 
zircon rim becomes thinner and more frequent from a diorite, through granodiorite into 
aplite. The zircons from the Middle Brother contain banding which average around 5 
microns in size which match those of a granodiorite, which then become much thinner and 
more frequent for the zircons from the Diamond Head rhyolite (see section 5.6) and also 
the Jolly Nose volcanic sample (see section 5.4.1). 
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Figure 5.7: North brother monzo-granite zircons used for SHRIMP analysis. 11 crystals were analysed in total. Rings indicate sites used for 
analysis. Sample in red was not included in the age calculation. Diorite corresponds to previous work interpretations (Graham et al, 2006; Pratt, 
2010) 
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5.4.2 U-Pb Results 
 
The areas selected for analysis were primarily the oscillatory mantle of the zircon with the 
clearest defined growth bands, with each growth mantle representing the latest stage of 
magmatic evolution of the individual zircon. D-9.2 was analysis of an apparent core to 
determine any variability in age from the core to the rim.  
The zircons from the North Brother monzo-granite plot close to Concordia (Figure 5.9) 
which indicates that there was little disturbance within the isotopic system. Sample D-10.1 
was excluded from the analysis due to its high concentration of U which has resulted in 
loss of radiogenic Pb and incorporation of common Pb.  
The cumulative Gaussian distribution plot shows that all the zircons plot close to a similar 
age with the majority having 206Pb/238U ages between 210-212 Ma. The final weighted 
mean age for the North Brother Diorite was 212.4±4.4Ma with 95% confidence 
(MSWD=01).This age agrees within error with the age obtained for the Middle Brother 
212.5±1.6Ma (MSWD=0.75) (Figure 5.8; Blevin unpublished data).   
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Table 3: (Above) SHRIMP data for North Brother monzo-granite. e=edge, osc=oscillatory, p=prismatic, c=centre, sr=sub rounded. Samples are to 2σ 
error. Samples in bold were not used within the age calculation. 
Labels site U/ppm Th/ppm Th/U f206 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 
AGE 
6/38 
± 
age6/38 
D-1.1 e,osc,p 132 52 0.39 0.008 0.0459 0.0032 30.04 0.88 211.1 6.1 
D-2.1 e,osc,p 147 63 0.43 0.000 0.0506 0.0013 30.13 1.16 210.5 8.0 
D-3.1 e,osc,p 188 94 0.50 0.003 0.0481 0.0030 29.99 0.84 211.5 5.8 
D-4.1 e,osc,p 159 75 0.47 0.008 0.0454 0.0037 30.23 1.12 209.8 7.7 
D-5.1 e,osc,p 182 110 0.60 0.004 0.0468 0.0026 29.51 1.17 214.8 8.4 
D-6.1 e,osc,sr 152 60 0.39 0.004 0.0497 0.0025 29.82 1.34 212.6 9.4 
D-7.1 e,osc,p 118 46 0.39 0.022 0.0496 0.0056 29.35 1.02 216.0 7.4 
D-8.1 e,osc,p 188 132 0.71 0.003 0.0483 0.0021 30.06 1.08 211.0 7.4 
D-9.1 e,osc,p 101 40 0.40 0.006 0.0487 0.0072 30.05 1.51 211.1 10.5 
D-9.2 c,osc,p 157 65 0.41 0.000 0.0511 0.0018 29.79 1.08 212.9 7.6 
D-10.1 c,osc,p 593 467 0.79 0.015 0.0395 0.0025 30.88 0.80 205.4 5.2 
D-11.1 e,osc,p 200 121 0.61 0.000 0.0524 0.0018 29.32 0.91 216.2 6.6 
            
    212.4±4.4Ma 95% conf. MSWD=0.1      
Figure 5.8: (Left) Middle Brother Diorite zircon ages obtained by Phil 
Blevin (unpublished). 
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  Figure 5.9: (Top) Terra-Wasserburg Plot for the North Brother monzo-granite Samples. 
(Bottom) Cumulative Gaussian Distribution Plot for the North Brother Diorite samples. 
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5.5 Diamond Head Rhyolite 
 
5.5.1 Zircon Description 
 
The Diamond Head rhyolite contains the largest number of analysed zircons with 24 
analyses done in total (Figure 5.10). With cathodoluminescence imaging, the zircons have 
quite variable morphology, with a mixture of sub-rounded grains and also elongate grains. 
The vast majority of the grains appear to contain an elongate structure with numerous and 
closely spaced oscillatory zoning. This is indicative of a volcanic zircon derived from a 
highly evolved magmatic source (Corfu et al 2003). The small number of sub-rounded 
grains also contain well defined growth zoning but with a larger space between each 
successive growth ring. It is likely that these zircons are inherited from an early magmatic 
source. 
The majority of the crystals contain a darker core compared with the surrounding growth 
rings which would indicate the core contains a higher concentration of U and or Th. The 
small amount of obvious inherited cores is an indication of an I-type magmatic source 
(Williams 1978) which matches the composition of the surrounding intrusive types. It also 
appears that a number of the zircons contain discontinuities between the regular growth of 
the oscillatory rings which would indicate a period of reabsorbtion of the zircon which is 
then succeeded by the development of new growth rings (Corfu et al 2003). 
The zircons may indicate that the rhyolite from Diamond Head was sourced from an 
aplitic melt due to the crystal morphology (Corfu et al 2003). There is aplite in the Middle 
Brother intrusion (see section 3.3) which may indicate that this intrusion soured the 
Diamond head rhyolite, or it may have possibly been derived from the Holey Flat 
intrusion which is also a highly evolved melt, although not an aplite. 
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5.5.2 U-Pb Results 
 
There were 4 age groups, with one age group clearly containing the majority of the 
analysed samples (Figure 5.11). The earliest age was from 413 Ma, which is likely 
incorporated older basement rocks. 
The analyses which produced an age of 217 Ma cluster around Concordia (see Figure 
5.11) apart from 2 analyses which plot further away. Grain R-1.1 shows extremely high 
concentration of common Pb (f206) which is likely the reason for the disturbance within 
the system which is evident within the Concordia diagram. Grain R-9.1 has no high U 
concentration which through radiation damage has promoted loss of radiogenic Pb and has 
a younger apparent age. Therefore these two ages were not used in calculating a weighted 
mean age. The majority of zircons produced a weighted mean age of 217.6±2 Ma with 
95% confidence (MSWD=0.25). 
Figure 5.10: Diamond Head Rhyolite zircons used for SHRIMP analysis. 24 
samples analysed in total. Rings indicate sites used for analysis. 
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Table 5.4: SHRIMP data for the Diamond Head Rhyolite. e=edge, osc=oscillatory, p=prismatic. All samples to 2σ error. Samples in bold were not used for 
the age calculation. 
Labels site U/ppm Th/ppm f206 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 
AGE 
6/38 
± 
age6/38 
R-2.1 e,osc,p 583.35 357.12 0.00237 0.04904 0.0013 29.81338 1.20324 212.68 8.45 
R-1.1 e,osc,p 377.23 431.54 0.15421 0.08201 0.02168 29.10971 1.35742 217.73 9.99 
R-3.1 e,osc,p 548.78 317.15 0.00081 0.05007 0.00106 29.22801 0.93844 216.87 6.85 
R-4.1 e,osc,p 232.94 138.46 0.0027 0.05055 0.00162 20.08559 0.81123 313.21 12.36 
R-5.1 e,osc,p 658.91 468.48 0.00109 0.04999 0.0008 28.97893 0.88172 218.7 6.55 
R-6.1 e,osc,p 1081.42 835.33 0.01138 0.04886 0.00178 19.78906 0.61574 317.79 9.66 
R-7.1 e,osc,p 520.2 291.07 0.00251 0.04937 0.00126 29.24194 1.33726 216.77 9.76 
R-8.1 e,osc,p 651.39 619.07 0.01952 0.05007 0.00228 29.88665 0.97857 212.17 6.84 
R-9.1 e,osc,p 1634.7 3199.7 0.07523 0.05028 0.00381 38.49666 2.06198 165.32 8.75 
R-10.1 e,osc,p 481.69 308.91 0.00243 0.04926 0.00107 28.67439 0.91091 220.98 6.9 
R-11.1 e,osc,p 343.41 160.37 0.04952 0.05928 0.01057 28.91099 0.96774 219.21 7.22 
R-12.1 e,osc,p 673.36 610.73 0.00281 0.04893 0.00107 28.23759 0.80184 224.34 6.26 
R-13.1 e,osc,p 386 227.08 0.00395 0.04789 0.00169 29.57377 0.98059 214.37 6.99 
R-14.1 e,osc,p 279.02 147.66 0.00566 0.04622 0.00281 29.59474 0.97576 214.22 6.95 
R-15.1 e,osc,p 608.55 421.64 0.00064 0.05036 0.00086 28.94561 0.98283 218.95 7.31 
R-16.1 e,osc,p 369.96 191.47 0.00378 0.05039 0.00179 29.69392 1.09532 213.52 7.75 
R-17.1 e,osc,p 567.89 333.37 0.00002 0.04851 0.00149 29.06926 0.77864 218.03 5.75 
R-18.1 e,osc,p 252.51 159.04 0.00034 0.05508 0.00083 15.09182 0.83076 413.59 22.09 
R-19.1 e,osc,p 406.44 174.2 0.00226 0.04929 0.0013 28.99206 1.03541 218.6 7.68 
R-20.1 e,osc,p 564.16 350.98 0.00188 0.04961 0.00115 29.14173 1.06427 217.5 7.82 
R-21.1 e,osc,p 631.78 452.07 0.01159 0.05022 0.00236 28.95957 1.36222 218.84 10.13 
R-22.1 e,osc,p 207.83 93.42 0.00563 0.04703 0.00293 29.61714 0.86163 214.06 6.13 
R-23.1 e,osc,p 471.19 312.71 0.00373 0.05063 0.00165 28.32417 0.80825 223.67 6.28 
           
   
217.6±2 
Ma 95% conf. MSWD=0.25      
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  Figure 5.11: (Top) Terra-Wasserburg Plot for the Diamond Head Rhyolite zircons. 
(Bottom) Cumulative Gaussian distribution plot for the Diamond Head rhyolite zircons. 
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6 Petrogenesis and Tectonic Setting 
 
6.1 Modern Tectonic Setting Analogues  
 
Two possible modern analogues will be compared with the Lorne Basin; the Bolivian 
Andes and Taiwan. The former represents a backarc region in a continental arc, whereas 
the latter is a foreland basin developed in a region of recent tectonic thickening of the 
crust. Both cases represent a supra-subduction zone setting, appropriate for the 
geochemical signatures of the Lorne Basin igneous rocks. These two settings were chosen 
for their similar tectonic formation compared with the Lorne Basin and the proposed 
foreland basin formation (Li et al, 2012; Buckman and Aitchison, 2012).  
6.1.1 Bolivian Andes: Chaco Foreland basin   
 
Foreland basins form as a response to thrust fault migration and crustal thickening during 
the development of orogenic systems (Van Der Pluijm and Marshak, 2003).  Therefore, 
flexural response between orogenic loading results in the formation of foreland basins 
(Jordan, 1981; DeCelles and Giles, 1996; Prezzi, 2009).  
The Chaco foreland basin occurs in southeastern Bolivia and consists of the sub-Andean 
zone and Chaco plain morphotectonics units (Prezzi, 2009). The Chaco foreland basin 
formed as a result of fold and thrust belt development in the back arc region of the Andes 
(Prezzi, 2009). The development of the Chaco Basin is linked with subduction of the 
Nazca Plate underneath the South American plate which resulted in the under thrusting of 
the Brazilian Shield. The result of this tectonic activity led to the shortening of the eastern 
cordillera with pronounced folding and eastward migrating thrust belts (Horton, 1998; 
McQuarrie, 2002; Ege et al, 2007; Prezzi, 2009). In this respect, the Lorne Basin contains 
some structural features that are similar to those in the Chaco basin (Figure 6.1). Several 
reverse faults which are parallel to the subduction zone which was present on the Triassic 
eastern margin of Gondwana. Flexural response between the New England Orogen and a 
colliding volcanic arc off the eastern shore may have resulted in the formation of the 
Lorne Basin (Figure 6.1) (Li et al, 2012). 
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Figure 6.1: Comparison between the basin structures of Chaco foreland basin (top) and the Lorne 
Basin (Middle and Bottom). Taken from (Prezzi, 2009; Pratt, 2010). 
 
The sedimentary infill and basement structure within the Chaco Basin is also similar to 
that of the Lorne Basin.  The Chaco Basin’s deepest section occurs in the western margin 
of the basin and thins towards the east. The Lorne Basins deepest portion is on the north-
eastern margin and thins towards the south-west (Pratt, 2010). The sediments located at 
the basement of the Chaco Basin include paleosols, reworked pedogenic conglomerates 
and sandstones that were deposited within a fluvial environment (Prezzi, 2009). The 
sediments within the Chaco Basin match the sedimentary rocks of the Lorne Basin that 
comprise fluvial conglomerate and sandstones that contain reworked clasts. 
 
6.1.2 Taiwan Arc Foreland Basin 
 
This western foreland basin within Taiwan has formed between two thickened orogens 
which resulted in the flexural loading which formed the basin. A subduction zone has 
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formed between the two orogens converting the foreland basin into an extensional basin 
(Nagel, 2013).  The presence of both reverse and normal faults within the Lorne Basin 
corresponds to periods of both contraction and extension that may reflect a similar process 
to the Taiwanese foreland basin. 
The western foreland basin within Taiwan contains a number of well-preserved 
sedimentary units that correspond to the sediments contained within the bounding 
orogenic system (Nagel, 2013). Material shed off the mountain ranges is deposited within 
the corresponding foreland basins (Teng, 1990; Allen et al, 1991; Burbank et al, 1992; 
Nagel, 2013). Although a detailed analysis between the link of sediments within the Lorne 
Basin and those of the surrounding terranes has not been made, it can be seen that the 
sandstone clast (JN002) contains ~320 Ma and older zircons which corresponds to the 
basement sedimentary rocks found within the Hastings Bock outside the Lorne Basin 
(Korsch et al, 2009). 
 
6.2 Geochemical Setting 
 
6.2.1 Chemical Signatures for the Lorne Basin 
 
As mentioned in Chapter 4, on the Pearce discrimination diagrams the Lorne Basin 
granitoids plot within the volcanic arc/collisional granites and the within plate granite 
fields (Figure 4.4). Collision of a volcanic arc with the eastern margin of Australia would 
have led to the flexure of the crust and resulted in the development of a foreland basin to 
the west, including the Lorne Basin (Horton, 1998; McQuarrie, 2002; Ege et al, 2007; 
Prezzi, 2009; Nagel, 2013). This setting is in accord with the geochemical signatures of 
the Lorne Basin igneous rocks. 
The Pearce diagram results match this setting with the volcanic arc/collisional granite 
signature referring to the eastern volcanic arc that collided with the eastern coast of 
Australia. The Within plate granite refers to the New England Orogen association on the 
western side.  
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The structure for the formation of the Lorne Basin is between the inland portions of New 
England Orogen dominated by Permian arc rocks developed in older Paleozoic basement 
and a volcanic arc with magma generated from a subduction zone (Figure 6.2). The I- to 
A-type geochemical signature outlines in Chapter 4 (Figure 4.1) is likely associated with 
the generation of magma from a back-arc basin associated with a subduction zone. The I-
type granite would be associated with the melt generated from the subducting slab that 
propagates through the mantle wedge and intrudes into the Lorne Basin (Chappell et al, 
1988; Chappell, 1996). During the extension leading to the formation of the Lorne Basin, 
and other coeval basins along the eastern seaboard of Australia, decompressional melting 
of the underlying mantle would lead to the development of A-type granite (Clemens et al, 
1986). 
 
Figure 6.2: Subduction zone setting for the east coast of Australia during the late Triassic, adapted 
from Winter (2009). 
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6.2.2 Low vs. High Temperature Granite 
 
Distinguishing between the low and high temperature granites within the Lorne Basin can 
help to distinguish the magma evolution (Chappell et al, 1998, 2004). Low temperature 
granites contain pre-magmatic zircon, indicating the melt at low temperatures was 
saturated in zirconium, and xenocrystic zircon inherited from melting source regions could 
not be dissolved into the melt (White and Chappell, 2004). High temperature granites 
evolve from a magma that due to its high initial temperature (c. 1000°C) and its 
composition could dissolve any xenocrystic zircon, meaning that zircons found in these 
rocks are entirely of magmatic origin (White and Chappell, 2004). 
The petrography of plagioclase crystals can provide a distinction between high and low 
temperature granites (White and Chappell, 2004). Plagioclase crystals within low 
temperature granites tend to contain corroded cores that are uniform in composition 
compared with the outer parts. Unaltered plagioclase crystals in the Lorne Basin granitoids 
match those of low temperature granites (Figures 3.6, 3.9, 3.10, 3.14, 3.46, 3.47) (Figure 
6.3). There is noticeable trend between the low temperature plagioclase crystals within the 
Lorne Basin granitoids and their association with the more felsic composition granites. 
The samples from the Middle Brother contain low temperature plagioclase crystals within 
the central felsic core. The Holey Flat granitoid also contains low temperature plagioclase 
crystals. This is interpreted as forming during a slow prograde melt forming reactions 
(partial melting) within the source rocks while the outer zones were precipitated at 
temperatures where the rate of growth exceeded that of homogenization (White and 
Chappell, 2004). 
Plagioclase crystals within high temperature granites tend to be more euhedral with a 
uniform composition and lack the corroded cores characteristic of low temperature 
granites (White and Chappell, 2004). The Lorne Basin also contains a number of high 
temperature granites containing well-developed plagioclase crystals (Figures 3.5, 3.14, 
3.17, 3.41, 3.42) (Figure 6.4). The higher temperature granites tend to be correlated with 
the more mafic granites that correspond to the outer rim of the Middle Brother, the outer 
region of the North Brother and the Diamond Head intrusion. This is interpreted as the 
diffusion of the plagioclase at temperatures higher than 1000oC (Chappell et al, 1998; 
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White and Chappell, 2004). Narrow rims within some of the high temperature plagioclase 
crystals are likely associated with rapid crystallisation during quenching (White and 
Chappell, 2004). 
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Figure 6.3: Comparison between low temperature plagioclase crystals, (Top) 
example of a low temperature plagioclase crystal from White and Chappell (2004), 
(Bottom) plagioclase crystals from sample NB007. 
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Figure 6.4: Comparison between high temperature plagioclase crystals, (Top) High 
temperature plagioclase crystal from White and Chappell (2004), (Bottom) High 
temperature plagioclase crystal from MB002. 
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6.2.3 Tectonic Setting of the Lorne Basin, the Coastal Suite and the Median Batholith 
 
From the Permian to Cretaceous, it is likely that the New Zealand Median Batholith and 
local correlatives of the Lorne Basin and the Coastal Suite were a portion of subduction 
zone which ran along Gondwana’s eastern margin (Figure 6.5) (Mortimer et al, 1999 a). 
The geochemical results outlined in Chapter 4.8 shows that the Median Batholith 
granitoids were likely emplaced within a volcanic arc setting, closer to the subduction 
zone trench (Chappell and Stephens, 1988). On the other hand, intrusions within the Lorne 
Basin and of the Coastal Suite probably formed in the hinterland, where magmas had a 
greater continental influence (Jenkins et al, 2002).  
Besides the aforementioned units, other correlatives between New Zealand and Australia 
are the Brook Street Terrane with the Gympie Terrane, the Karamea suite and the Lachlan 
Fold Belt granites and finally the Buller terrane and the Lachlan Fold Belt sediments (Fig. 
6.6; Mortimer, 2008). This indicates that prior to post-Triassic rifting, that easternmost 
Australia and New Zealand were connected
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Figure 6.5: Reconstruction of the Median Batholith, (Left) Current setting of the Median Batholith, (Right) Setting of the Median Batholith 
during the Palaeozoic into the Mesozoic, adapted from Mortimer et al (A and B) (1999). 
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Figure 6.6: Sections of New Zealand which correspond with the eastern portion of 
Australia, taken from Mortimer (2008). 
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6.3 Tectonic Evolution 
 
As mentioned in Chapter 1, the Lorne Basin exhibits structural characteristics which may 
represent formation within a number of tectonic settings. There are three differing tectonic 
scenarios that could account for the formation of the Lorne Basin: (a) a foreland basin 
formed during the compression of the Gondwanan margin by an arc (see section 6.1); a 
caldera and (c) as a result of a meteorite impact (Tonkin, 1998). 
 
6.3.1 Foreland basin 
 
The general morphology of the basin is in accord with a foreland basin setting (Figure 
6.7). Thus crustal thickening during the development of the New England Orogen has led 
to the flexure of the eastern portion of the New England and resulted in the formation of a 
foreland basin (Kearey et al, 2009). U-Pb zircon geochronology (Chapter 5) shows that 
the basin filled rapidly, with detritus sourced from local basement dominated by 
Carboniferous detritus (Korsch et al, 2009).  
 
 
Figure 6.7: Formation of a foreland basin (Lorne Basin) between two colliding land masses, 
adapted from (Aitchison and Buckman, 2012). 
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The formation of the foreland basin may have occurred as a result of collision between the 
New England Batholith and an island arc (Figure 6.7). A subduction zone may have been 
off the east portion of an island arc during the advance of a subduction zone that led to the 
closure of the ocean between the east coast of Australia and the Gympie Terrane 
(Aitchison and Buckman, 2012). Upon collision, a secondary subduction zone may have 
formed on the eastern side of the island arc that then resulted in rollback of the subducted 
plate (Li et al, 2012). A possible mechanism for the rollback of the subducting slack 
would be the accretion and pinching of the Gympie Terrane with the Australian margin. 
The Lorne Basin contains a series of both normal faults and reverse faults that run parallel 
to the coast which indicated a period of both contraction and extension. 
 It is also possible that represented a linear basin in the Gondwanan margin which was 
punctuated by a series of volcanic/plutonic centres (Gill, 2010). This is shown by the 
annular faults surrounding the Holey Flat and Black Creek intrusions. The earliest 
intrusions within the New England Batholith that were the 250-260 Ma Bundarra and 
Moonbi supersuites, emplaced within a north-east to south-west orientation (Figure 6.8) 
(Li et al, 2012). This would suggest that a subduction zone off the coast of Australia had a 
similar orientation. Younger components of the New England Batholith are the 240-250 
Ma Moonbi and Hillgrove supersuites, emplaced with a similar trend (Kramer et al, 2001; 
Grevenitz et al, 2003; Li et al, 2012). The 210-235 Ma coastal suite are the youngest 
intrusions in New England. They trend north-south, and possibly indicate a change in 
orientation of the related subduction zone. This is likely associated with the collision of 
the Gympie terrane which acted as a pinch point causing the subducting plate to change 
orientation (Li et al, 2012). 
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Figure 6.8: Age and tectonic emplacement of a number of the New England Batholith intrusions, 
taken from (Li et al, 2012). 
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6.3.2 Caldera 
 
The internal structure of the Lorne Basin appears to show two possible tectonic scenarios. 
The first being a caldera and the second related to an impact structure. The Coopernook 
Conglomerate member within the Lorne Basin outcrops with a gentle dip (10-15o) towards 
the centre of the basin. There are two likely models of caldera formation that might 
account for this structure. The first is a Trap-Door structure (Figure 6.9) where an 
asymmetrical pluton leads to differential collapse over the top of the pluton as magma is 
expelled in volcanic eruptions. This is similar to the basement structure of the Lorne Basin 
which is a half-graben with the deepest portion in the north-eastern portion of the basin 
(Figure 1.4). The second is more uniform downsag (Figure 6.9) where an emptied deep 
seated pluton leads to the gentle subsidence of the overlying strata resulting in the dip of 
the strata at the margins of the basin (Coopernook Conglomerate) (Lipman, 1997; Cole et 
al, 2005; Acocella, 2006). These calderas can form in a number of tectonic environments 
(contraction and extensional) and relate to both mafic and felsic lava types (Acocella, 
2006). 
The degree of caldera subsidence is not as large as other examples of typical downsag 
calderas such as the Bolsena caldera (Italy), and Taupo and Rotorua calderas (New 
Zealand). Although, these calderas underwent eruptive events within the last few millions 
of years as opposed to the Lorne Basin which had volcanic activity occurring ~217 Ma 
ago. 
Figure 6.9: Generalised structure of trap door and downsag calderas, adapted from (Acocella, 
2006). 
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A number of ring faults, which are usually linked with caldera formation, are present 
within the Lorne Basin and surround the Holey Flat Uplift and the Black Creek Uplift 
(Figure 1.3). These ring faults may be related to a secondary eruptive event occurring after 
the initial formation of the Lorne Basin. The presence of the Diamond Head Rhyolite 
within the boundaries of the Lorne Basin indicates that at some point in the basin’s history 
there was a volcanic event. I propose two stages in the evolution of the basin (Figure 
6.10). The first stage was caldera formation by the emptying of the underlying pluton 
causing the collapse of the overlying strata. The second stage involved the injection of a 
new pulse of low density magma (represented by sample HF001) which caused the 
collapsed segment to be thrust upwards and to form an uplifted block (c.f. Gill, 2010). The 
Holey Flat intrusion was likely emplaced along the ring fault boundary during the second 
magma pulse (see geological map of Pratt, 2010; Figure 1.3). The same contact 
relationship can be seen between the Black Creek intrusion and the surrounding ring fault 
(Figure 1.3). 
 
Figure 6.10: Generalised structure of the proposed two stage evolution of the Holey Flat and Black 
Creek calderas. (A) Formation of the caldera occurs after the emptying of the magma chamber. 
Magma then ascends up the ring fault during the injection of new low density magma and settles 
in the caldera. (B) The continued injection of low density magma leads to the uplift of the 
collapsed block. Adapted from Gill (2010). 
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6.3.3 Impact Structure 
 
 The third theory proposed for the formation of the Lorne Basin was by meteorite impact 
(Tonkin, 1998). As discussed in Chapter 1, there is a number of pieces of evidence which 
Tonkin (1998) uses to support the theory of a meteorite impact, namely, the circular 
morphology, possible fault fed intrusions and the presence of possible impact glass. 
Geophysical modelling of impact structures indicates that they do not have deep seated 
roots (Grieve, 1987; Pilkington and Grieve, 1992). The gravity signatures of impact 
structures shows they tend to have a negative anomaly associated with the brecciation of 
the target material. Due to brecciation, the target material undergoes a reduction in density 
due to the increased amount of pore spaces which occur between the individual brecciated 
clasts (Grieve, 1987). In fact, the Lorne Basin shows a positive gravity anomaly (Figure 
1.6), due to being underlain by denser magma rather than less dense brecciated material. 
The magnetic signature of impact structures shows a disruption to the magnetic trends 
within the target rocks or a magnetic low (Grieve, 1987). The magnetic signature of the 
Lorne Basin shows a positive anomaly throughout the basin without any noticeable 
disruptions to magnetic trends (Figure 1.7), again disagreeing with geophysical structures 
expected from an impact signature. 
Impact craters which have a diameter of above ~2 km in sedimentary targets and ~4 km in 
crystalline targets are regarded as complex structures (Grieve, 1987). The Lorne Basin 
(30-35 km diameter) falls into this category. An equation to calculate the apparent depth 
of a complex structure was put forward by Pike (1980): 
da = 0.27D
0.16 (n = 11) 
Where da is the apparent depth, D corresponds to the rim diameter and n is the number of 
structures this relationship is based upon (with all values in km). Applying the dimensions 
of the Lorne Basin to this equation shows the following: 
da = 0.27(32.5)
0.16 
da = 0.47 km 
The apparent depth of the 0.47 km does not correspond to the actual depth of the Lorne 
Basin which contains 1-1.5 km of sedimentary and volcanic rocks. 
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The general morphology of a complex impact structure includes an uplifted rim with an 
uplifted central core containing shocked target rocks (Figure 6.11) (Grieve, 1987; 
Pilkington and Grieve, 1992). The only uplifted components of the Lone Basin correspond 
with the Holey Flat and Black Creek uplifts. The thin section investigation of the Holey 
Flat granite (HF001) did not reveal the presence of any shocked minerals which are a 
primary piece of evidence for the identification of both an impact structure and the central 
uplifted core. Although the Lorne Basin does contain a prominent rim, the Coopernook 
Conglomerate Member, the strata of this unit has a shallow dip towards the centre of the 
basin. Tonkin (1998) used this structural feature as supporting evidence for the presence 
of an impact origin; however the common structural feature of the rim strata in impact 
craters is shown by a dip away from the centre of the basin (Grieve, 1987; Pilkington and 
Grieve, 1992) (Figure 6.11). The dispersal of energy during the initial impact of a 
meteorite causes the rim strata to fold upwards causing a dip angle facing away from the 
centre of a crater. 
 
Figure 6.11: Generalised structure of a complex impact crater, adapted from (Grieve, 1987; 
Pilkington and Grieve, 1992). 
 
A notable feature is the absence of any breccia within the Lorne Basin. The floor of a 
crater is covered in allochthonous material which failed to escape the crater cavity by 
ejection upon impact. This allochthonous material is predominantly composed of breccia 
and impact melt rocks (Grieve, 1987). The Lorne Basin contains a large number of 
conglomerate units though no impact breccia units. 
Upon impact, quartz grains begin to exhibit an anomalous, mottled extinction pattern 
under cross polarised light in thin section (Stöffler and Langenhorst, 1994; Grieve et al, 
1996; French, 1998; Spooner et al, 2009). The quartz grains from sample JN002 show no 
6-134 
 
signs of this anomalous pattern, showing a common undulatory extinction, evident of an 
unaltered sample. Also the quartz grains examined in the granite samples taken from each 
of the intrusions investigated show no signs of shock induced microstructures. 
Furthermore, central areas of uplifted basement are devoid of shock features such as 
shatter cones. 
Another piece of evidence proposed by Tonkin (1998) was the possibility of deep seated 
faults generated by the impact of a meteorite which fed the Brother intrusions within the 
Lorne Basin. This piece of evidence also contradicts the common structure of impact 
craters, which show no signs of deep seated faults. All faults which occur within an impact 
crater become extinct at shallow depths, with the energy generated at the point of impact 
changing from brittle to ductile deformation (Grieve, 1987). 
Impact melts tend to contain enrichment of trace elements such as Cr, Ni and Co which 
were incorporated into the melt by the impacting body (Grieve, 1987). A large portion of 
the siderophile elements within the Lorne granitoids are low in concentration (Mo < 1 
ppm, Ni < 8 ppm) apart from one sample with a slightly higher Ni concentration (DH004 
= 18 ppm). Low abundances of these trace elements tend to indicate the absence of an 
impacted meteoric body (Grieve, 1987).  
The glass found just outside of Kew within the Lorne Basin, which was mentioned within 
Tonkin’s paper (1998), could not be located within the field. As a result, no comment on 
the composition of this material can be made within this work, beyond that in the absence 
of geochemical data, it could equally as well be volcanic glass. 
Considering the above discussion, it is highly unlikely that the Lorne Basin was created as 
a result of a meteorite impact. Apart from the spherical morphology of the basin and the 
glass which was unable to be located, no other evidence can be seen which could be used 
to support an impact structure. 
  
6-135 
 
7 Conclusion 
 
The igneous rocks within the Lorne basin consist of 5 granitic intrusions ranging from 
diorite to quartz-rich granitoids plus rhyolite flows, one of which was investigated. These 
intrusive and extrusive rocks were emplaced during the late Triassic and are associated 
with the latest evolutionary phase of the New England Batholith. The granitoids were 
intruded into the early Triassic Camden Head Claystone and the overlying Diamond Head 
rhyolite. 
The coeval North, South and Middle Brother intrusions, are overall dioritic to 
granodioritic, with the Middle Brother containing a more felsic core. The Holey Flat 
intrusion is overall monzo-granitic in composition. The ring fault structures surrounding 
the Holey Flat and Black Creek intrusions also indicate a likely separate magmatic event. 
The SHRIMP U-Pb zircon ages obtained from a North Brother monzo-granite, Diamond 
Head rhyolite and the Jolly Nose volcanic and sandstone clasts constrain the basin 
evolution. A volcanic clast from the Jolly Nose conglomerate at a low stratigraphic 
position and the Diamond Head rhyolite at an upper stratigraphic level formed at 217 Ma, 
indicating rapid basin development at that time. The presence of the 217 Ma volcanic clast 
within the Jolly Nose Conglomerate contradicts the early Triassic age for basin initiation 
presented by Pratt (2010).The North and Middle Brother intrusions have indistinguishable 
c. 212 Ma ages (this thesis and unpublished Geoscience Australia data respectively), 
indicating a slightly younger plutonic event centred in the Lorne Basin. Carboniferous (c. 
320 Ma) and older detrital and xenocrystic zircons within Lorne Basin rocks indicates 
derivation of material from Gondwanan margin source from both outside of and 
underlying the basin 
The geochemical results obtained by XRF analysis shows the Triassic igneous rocks 
within the Lorne Basin are evolved, and have subduction-related geochemical signatures 
(e.g. negative Nb and Ti anomalies, positive Pb anomalies and enrichment of LREE La 
and Ce compared with Y used as a proxy for the HREE), modified by assimilation of 
continental basement, as shown for example by the incorporation of older xenocrystic 
zircon in felsic volcanic rocks. A distal setting from the subduction zone is preferred, such 
as a back-arc or foreland basin. 
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The published geochemical signatures from the Triassic Coastal Suite of the New England 
Batholith and the Median Batholith from New Zealand were compared with those 
obtained from the Lorne Basin. The differing characteristics between the two batholith 
suites indicated that the New England Coastal Suite was emplaced within a more 
continental rift setting where the Median Batholith within New Zealand was emplaced 
within a volcanic arc. 
The work conducted within this thesis does not provide a complete geochemical evolution 
of the Lorne Basin though does help to provide a basis for the time of emplacement for the 
various intrusions as well as their geochemical evolution. Further geochronological work 
needs to be conducted on both the sedimentary sequences within the basin as well as a 
number of the intrusions which have yet to be dated. 
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Table 9.1: USGS Standards (Majors) UOW XRF. 
QUT STANDARDS RUN ON UOW XRF          
  Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 
AGV-1 ACCEPTED 4.26 1.53 17.15 58.84 0.49   2.92 4.94 1.05 0.09 6.77 
QUT-AGV-1 4.13 1.48 16.66 57.83 0.49 0.01 2.90 4.93 1.06 0.09 6.79 
QUT-AGV-1_R01 4.24 1.49 16.70 58.04 0.48 0.00 2.93 4.96 1.06 0.09 6.79 
QUT-AGV-1_RR01 4.26 1.50 16.71 58.09 0.49 0.01 2.95 4.95 1.08 0.09 6.81 
QUT-AGV-1R 4.10 1.50 16.58 57.82 0.49 0.01 2.95 4.95 1.07 0.09 6.77 
                        
BCR-1 ACCEPTED 3.27 3.48 13.64 54.11 0.36   1.69 6.95 2.24 0.18 13.41 
QUT-BCR-1 3.41 3.36 13.01 52.52 0.35 0.12 1.70 6.96 2.26 0.18 13.42 
QUT-BCR-1_R01 3.38 3.39 13.05 52.73 0.35 0.12 1.69 6.91 2.26 0.18 13.41 
QUT-BCR-1_RR01 3.36 3.37 13.06 52.76 0.35 0.12 1.70 6.98 2.28 0.18 13.44 
QUT-BCR-1R 3.35 3.38 13.08 52.66 0.35 0.12 1.71 6.97 2.27 0.18 13.40 
                        
DTS-1 ACCEPTED 0.02 49.59 0.19 40.41 0.00   0.00 0.17 0.01 0.12 8.68 
QUT-DTS-1 0.10 48.07 0.17 38.98 0.03 0.00 0.00 0.14 0.00 0.12 8.77 
QUT-DTS-1_R01 0.08 48.17 0.17 39.01 0.02 0.00 0.00 0.14 0.00 0.12 8.78 
QUT-DTS-1_RR01 0.13 48.26 0.18 38.98 0.03 0.00 0.00 0.15 0.00 0.12 8.78 
QUT-DTS-1R 0.20 48.21 0.17 38.96 0.03 0.00 0.00 0.14 0.00 0.12 8.77 
                        
FLINT CLAY ACCECTED 0.04 0.15 38.79 43.67 0.36   0.50 0.11 1.90   0.45 
QUT-FLINT CLAY 0.30 0.34 37.88 42.75 0.35 0.13 0.55 0.12 1.91 0.00 0.42 
QUT-FLINT CLAY_R01 0.25 0.33 37.92 42.87 0.36 0.13 0.54 0.12 1.91 0.00 0.42 
QUT-FLINT CLAY-R 0.31 0.33 37.90 42.78 0.36 0.13 0.55 0.12 1.93 0.00 0.42 
QUT-FLINT CLAY_RR01 0.31 0.33 37.94 42.84 0.36 0.13 0.56 0.12 1.93 0.00 0.43 
                        
G-2 ACCEPTED 4.08 0.75 15.39 69.14 0.14   4.48 1.96 0.48 0.03 2.66 
QUT-G-2 3.86 0.72 14.77 67.06 0.12 0.02 4.41 1.90 0.49 0.03 2.67 
QUT-G-2_R01 3.82 0.71 14.73 67.06 0.13 0.02 4.42 1.90 0.50 0.03 2.67 
QUT-G-2_RR01 3.90 0.71 14.80 67.25 0.12 0.02 4.46 1.93 0.49 0.03 2.66 
QUT-G-2R 3.87 0.70 14.80 67.15 0.12 0.02 4.47 1.92 0.49 0.03 2.66 
                        
GPS-1 ACCEPTED 2.80 0.96 15.10 67.22 0.28   5.51 2.07 0.65 0.04 4.29 
QUT-GSP-1 2.80 0.94 14.64 65.44 0.24 0.10 5.42 1.97 0.67 0.04 4.30 
QUT-GSP-1_R01 2.85 0.93 14.61 65.48 0.24 0.10 5.44 1.99 0.68 0.04 4.29 
QUT-GSP-1_RR01 2.80 0.92 14.67 65.66 0.24 0.10 5.48 2.01 0.68 0.04 4.28 
QUT-GSP-1R 2.79 0.92 14.64 65.56 0.24 0.10 5.48 2.02 0.68 0.04 4.29 
                        
K-FELDSPAR ACCEPTED 2.63 0.13 17.49 65.62 0.04   10.96 0.45     0.11 
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QUT-K-KELDSPAR 2.63 0.13 17.49 65.62 0.04 0.03 10.96 0.45 0.00 0.00 0.11 
QUT-K-KELDSPAR_R01 2.70 0.13 17.49 65.65 0.04 0.03 10.94 0.46 0.00 0.00 0.11 
QUT-K FELD-R 2.61 0.13 17.52 65.70 0.04 0.03 11.06 0.46 0.00 0.00 0.11 
QUT-K FELD_RR01 2.66 0.13 17.48 65.67 0.04 0.03 11.02 0.47 0.00 0.00 0.11 
                        
Na-FELDSPAR  ACCEPTED 10.40   19.80 67.10       0.89 0.38   0.12 
QUT-NA-FELDSPAR 9.84 0.14 19.58 65.17 0.03 0.05 0.75 0.82 0.37 0.00 0.10 
QUT-NA-FELDSPAR_R01 9.82 0.14 19.62 65.37 0.02 0.05 0.75 0.82 0.37 0.00 0.10 
QUT-Na FELD-R 9.84 0.14 19.61 65.33 0.02 0.05 0.76 0.84 0.37 0.01 0.10 
QUT-Na FELD_RR01 9.87 0.14 19.65 65.43 0.02 0.05 0.75 0.83 0.37 0.00 0.10 
                        
NORITE ACCEPTED 2.46 7.50 16.50 52.64     0.25 11.50 0.20 0.18 9.04 
QUT-NORITE 2.48 7.36 16.04 51.25 0.04 0.01 0.23 11.57 0.19 0.17 9.07 
QUT-NORITE_R01 2.56 7.36 16.08 51.41 0.03 0.01 0.23 11.59 0.19 0.17 9.05 
QUT-NORITE-R 2.53 7.40 16.09 51.41 0.04 0.01 0.24 11.65 0.20 0.17 9.05 
QUT-NORITE_RR01 2.52 7.40 16.08 51.44 0.03 0.01 0.23 11.65 0.20 0.17 9.08 
                        
PCC-1 ACCEPTED 0.03 43.43 0.68 41.71     0.01 0.52 0.01 0.12 8.25 
QUT-PCC-1 0.07 42.73 0.60 41.03 0.05 0.01 0.00 0.55 0.00 0.11 8.42 
QUT-PCC-1_RR01 0.10 42.71 0.60 41.13 0.05 0.01 0.00 0.56 0.01 0.12 8.41 
QUT-PCC-1R 0.09 42.70 0.60 41.08 0.05 0.01 0.00 0.56 0.00 0.11 8.39 
QUT-PCC-1_R01 0.05 42.79 0.60 41.17 0.05 0.01 0.00 0.56 0.01 0.11 8.43 
                        
SILLIMANITE ACCEPTED 0.52 0.48 59.38 33.56 0.05   0.47 0.23 1.94 0.02 1.51 
QUT-SILLIMANITE 0.52 0.48 59.38 33.56 0.05 0.02 0.47 0.23 1.94 0.02 1.51 
QUT-SILLIMANITE_R01 0.57 0.46 59.39 33.56 0.05 0.02 0.46 0.23 1.95 0.02 1.51 
QUT-SILLIMANITE-R 0.57 0.48 59.40 33.61 0.05 0.02 0.47 0.23 1.95 0.02 1.52 
QUT-SILLIMANITE_RR01 0.51 0.46 59.54 33.70 0.05 0.02 0.46 0.23 1.96 0.02 1.52 
                        
W-1 ACCEPTED 2.16 6.62 15.01 52.51 0.13   0.64 10.99 1.07 0.17 11.12 
QUT-W-1 2.28 6.49 14.69 51.59 0.13 0.04 0.64 10.99 1.09 0.17 11.25 
QUT-W-1_R01 2.35 6.51 14.67 51.63 0.13 0.04 0.63 10.96 1.09 0.17 11.24 
QUT-W-1_RR01 2.23 6.50 14.72 51.62 0.14 0.04 0.64 11.05 1.11 0.17 11.24 
QUT-W-1R 2.24 6.47 14.69 51.51 0.13 0.04 0.63 11.06 1.10 0.17 11.21 
 
 
Table 9.2: G-2 Standards (Traces) University of Wollongong XRF 
    G-2 G-2 
    accepted   
Cl ppm   51 
V ppm 36 47 
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Cr ppm   5 
Co ppm 5 < 3.0 
Ni ppm   3 
Cu ppm 11 11 
Zn ppm 86 91 
Ga ppm 23 23 
Ge ppm   1 
As ppm   1 
Se ppm   0 
Br ppm   0 
Rb ppm 170 170 
Sr ppm 478 482 
Y ppm 11 9 
Zr ppm 309 316 
Nb ppm   11 
Mo ppm   < 1.0 
Cd ppm   < 2.0 
Sn ppm   7 
Sb ppm   < 3.0 
Cs ppm 1 < 4.0 
Ba ppm 1880 1876 
La ppm 90 95 
Ce ppm 160 166 
Hf ppm 8 5 
Ta ppm 1 4 
W ppm <1 < 1.0 
Hg ppm   < 0.3 
Pb ppm 30 32 
Bi ppm   < 1.0 
Th ppm 25 26 
U ppm 2.1 4 
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Table 9.3: Personal XRF Data 
  MB001 MB002 MB011 MB013 DH002 
  Granite/Aplite Granodiorite Granodiorite Monzodiorite Rhyolite 
    HONS817 HONS818 HONS819 HONS820 HONS821 
Na2O % 4.54 5.29 4.63 4.83 0.13 
MgO % 0.10 0.36 1.51 0.25 0.23 
Al2O3 % 13.28 15.37 15.30 13.74 12.41 
SiO2 % 73.87 69.67 64.83 71.79 80.16 
P2O5 % 0.42 0.07 0.36 0.04 < 0.01 
SO3 % 0.06 0.06 0.27 0.08 < 0.01 
K2O % 3.92 3.24 2.49 3.85 3.06 
CaO % 0.46 1.44 3.47 0.78 0.02 
TiO2 % 0.24 0.37 0.79 0.28 0.15 
MnO % 0.03 0.05 0.11 0.06 0.00 
Fe2O3 % 1.68 2.67 5.22 2.53 0.37 
LOI % 0.97 0.98 1.14 1.27 2.95 
Total   99.57 99.55 100.11 99.50 99.49 
       
Cl ppm 328 136 288 135 915 
V ppm 7 16 52 8 < 1 
Cr ppm 4 2 9 3 4 
Ni ppm 3 3 8 3 2 
Cu ppm 6 1 13 3 2 
Zn ppm < 1 < 1 53 32 < 1 
Ga ppm 18 20 18 18 15 
Ge ppm < 1 < 1 < 1 < 1 1 
As ppm 8 1 3 5 331 
Se ppm < 1 < 1 < 1 < 1 1 
Br ppm < 1 < 1 < 1 < 1 3 
Rb ppm 110 89 62 109 89 
Sr ppm 72 173 295 85 6 
Y ppm 44 42 38 55 32 
Zr ppm 295 398 273 261 176 
Nb ppm 13 9 11 9 15 
Mo ppm < 1 < 1 < 1 < 1 < 1 
Cd ppm < 2 < 2 < 2 < 2 < 2 
Sn ppm 9 5 3 9 146 
Sb ppm < 3 < 3 < 3 < 3 7 
Cs ppm < 4 < 4 < 4 < 4 < 4 
Ba ppm 412 497 368 475 229 
6-159 
 
La ppm 31 31 16 33 40 
Ce ppm 79 56 75 77 61 
Hf ppm 8 9 7 6 5 
Hg ppm < 1 < 1 < 1 < 1 < 1 
Pb ppm 12 7 15 19 25 
Bi ppm < 1 < 1 < 1 < 1 20 
Th ppm 9.5 8.2 6.3 7.4 5.4 
U ppm 3 3.2 2.6 2.1 0.5 
       
       
  DH003 DH004 HF001 NB001 NB007 
  Rhyolite Dyke qtz Diorite Granite Diorite Diorite 
    HONS822 HONS823 HONS841 HONS842 HONS843 
Na2O % 0.14 4.16 4.09  4.69  4.82  
MgO % 0.29 1.81 0.10         0.30 0.41  
Al2O3 % 14.33 15.76 13.71  14.02  14.03  
SiO2 % 75.34 63.20 70.39  68.72  67.21  
P2O5 % 0.04 0.20 0.04  0.05  0.08  
SO3 % 0.09 1.29 0.01  0.01  0.01  
K2O % 4.04 1.80 4.30  3.89  3.17  
CaO % 0.08 4.52 0.23  0.95  1.50  
TiO2 % 0.32 0.87 0.30  0.33  0.40  
MnO % 0.01 0.08 0.02  0.06  0.06  
Fe2O3 % 0.99 4.17 2.39  2.59  2.98  
LOI % 3.60 1.76 1.94  1.60  1.58  
Total   99.27 99.61 97.53  97.21  96.24  
       
Cl ppm 3855 621 118 280 117 
V ppm < 1 125 10 9 13 
Cr ppm 8 33 < 1.0 2 2 
Ni ppm 2 18 3 3 3 
Cu ppm 6 19 2 5 4 
Zn ppm < 1 95 17 32 29 
Ga ppm 20 18 20 18 19 
Ge ppm 1 1 2 2 1 
As ppm 14 < 1 < 0.5 2 2 
Se ppm 1 1 0 0 < 0.5 
Br ppm 11 1 0 0 0 
Rb ppm 145 44 98 109 87 
Sr ppm 105 343 88 124 145 
Y ppm 38 29 42 35 41 
Zr ppm 396 216 306 299 342 
Nb ppm 16 8 18 11 12 
Mo ppm < 1 < 1 < 1.0 < 1.0 < 1.0 
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Cd ppm < 2 < 2 < 2.0 < 2.0 < 2.0 
Sn ppm 18 4 12 6 6 
Sb ppm 7 < 3 < 3.0 < 3.0 3 
Cs ppm < 4 < 4 < 4.0 < 4.0 < 4.0 
Ba ppm 155 378 377 445 400 
La ppm 37 22 26 35 44 
Ce ppm 69 < 2 65 50 68 
Hf ppm 8 5 7 7 8 
Hg ppm < 1 < 1 1 < 1.0 < 1.0 
Pb ppm 35 9 27 12 10 
Bi ppm < 1 < 1 < 1.0 < 1.0 < 1.0 
Th ppm 9.1 5.7 9.1 10 9.5 
U ppm 2.2 2.2 2.4 3.6 4.1 
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Table 9.4: New England Orogen Coastal Intrusions (XRF), data taken from Chappell (2010) 
NEG_No SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O   
NEG1038 67.51 0.57 14.64 0.99 2.66 0.07 1.46 3.99 3.54 2.07 
NEG1039 69.27 0.38 15.19 1.12 1.88 0.10 0.84 2.89 3.74 3.25 
NEG1040 69.06 0.36 15.18 1.17 1.74 0.11 0.86 2.65 3.77 3.22 
NEG1041 70.35 0.36 14.88 1.01 1.82 0.09 0.79 2.67 3.64 3.22 
NEG1042 69.83 0.35 15.30 1.16 1.68 0.10 0.80 2.73 3.75 3.19 
NEG1043 73.33 0.25 13.23 0.77 1.21 0.04 0.30 0.96 3.85 4.64 
NEG1044 74.55 0.23 12.76 0.76 1.05 0.03 0.27 0.81 3.65 4.65 
NEG1045 75.59 0.20 12.49 0.61 0.97 0.03 0.25 0.84 3.61 4.58 
NEG1046 64.55 0.86 15.88 1.10 3.41 0.05 1.71 3.67 4.50 1.73 
NEG1047 67.74 0.64 15.23 0.86 2.85 0.05 1.39 2.97 3.22 3.42 
NEG1048 67.67 0.55 14.86 0.91 2.53 0.04 1.43 2.76 3.86 2.92 
NEG1049 67.87 0.56 14.97 0.52 2.87 0.07 1.33 2.89 3.68 3.60 
NEG1050 65.30 0.64 15.54 1.20 2.19 0.03 1.18 2.87 4.29 3.18 
NEG1051 61.95 0.86 16.44 2.07 1.40 0.09 1.61 3.63 5.17 3.47 
NEG1052 65.44 0.75 15.33 0.60 3.64 0.08 1.13 2.92 4.02 2.75 
NEG1053 67.37 0.78 15.70   4.09 0.09 1.17 0.63 4.82 3.02 
NEG1054 66.82 0.63 15.25 1.24 2.22 0.07 1.58 3.39 4.09 3.02 
NEG1055 66.80 0.65 15.50 1.39 1.91 0.07 1.61 3.45 4.13 3.16 
NEG1056 67.74 0.57 15.21 0.70 2.42 0.07 1.37 3.26 4.04 2.89 
NEG1057 77.40 0.09 12.81   0.34 1.E-09 1.E-09 0.62 3.40 4.90 
NEG1058 67.28 0.55 15.29 0.72 2.52 0.07 1.58 3.35 4.20 2.97 
NEG1059 67.60 0.53 14.99 0.97 2.18 0.07 1.54 3.15 4.00 3.16 
NEG1060 67.77 0.53 15.23 0.82 2.27 0.07 1.43 3.28 4.19 3.03 
NEG1061 69.11 0.48 14.70 0.88 2.02 0.06 1.42 2.78 3.85 3.35 
NEG1062 68.63 0.47 14.79 0.99 1.85 0.05 1.27 2.85 4.01 3.44 
NEG1063 69.30 0.47 14.61 0.91 1.87 0.06 1.26 2.63 3.90 3.60 
NEG1064 72.35 0.33 13.48 0.89 1.26 0.04 0.82 2.03 3.63 3.80 
NEG1065 69.84 0.31 14.51 0.50 1.83 0.05 0.64 2.86 3.40 3.09 
NEG1066 71.02 0.29 14.13 0.36 1.92 0.11 0.96 2.10 4.29 3.14 
NEG1067 73.37 0.19 13.64 0.38 1.29 0.05 0.36 1.57 3.73 3.81 
NEG1068 75.29 0.13 12.71 0.18 0.98 0.03 0.18 1.04 3.20 4.58 
NEG1069 68.49 0.38 15.56 0.19 2.47 0.05 0.30 1.81 4.57 4.37 
NEG1070 70.18 0.32 15.05 0.31 2.04 0.04 0.20 1.42 4.28 4.64 
NEG1071 69.88 0.27 14.77 0.93 1.30 0.04 0.27 1.26 4.65 4.61 
NEG1072 72.36 0.22 13.60 0.47 1.33 0.03 0.24 1.04 4.11 4.59 
NEG1073 73.57 0.21 13.66 0.37 1.03 0.02 1.E-09 0.82 3.94 4.50 
NEG1074 72.08 0.34 13.44 0.83 1.60 0.03 0.59 1.50 3.76 4.31 
NEG1075 73.42 0.27 13.06 0.75 1.34 0.04 0.46 1.26 3.59 4.42 
NEG1076 73.69 0.28 12.98 0.99 1.06 0.03 0.44 1.06 3.65 4.39 
NEG1077 73.91 0.26 13.03 0.78 1.15 0.03 0.43 1.19 3.54 4.51 
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NEG1078 73.83 0.27 13.02 0.75 1.17 0.02 0.43 1.04 3.64 4.45 
NEG1079 73.82 0.25 12.95 1.20 0.76 0.02 0.38 0.82 3.66 4.68 
NEG1080 74.40 0.24 12.91 0.71 1.19 0.03 0.29 0.96 3.76 4.46 
NEG1081 74.98 0.24 12.48 0.77 1.01 0.03 0.29 0.68 3.37 4.90 
NEG1082 76.63 0.13 11.99   1.23 0.02 0.05 0.34 3.30 4.90 
 
P2O5  S     sum FeO* Rb Cs Sr Ba Zr Nb Y 
0.10 1.E-09 99.74 3.551 69 3.9 326 405 188 2.4 32 
0.12 1.E-09 99.79 2.888 117 7.0 276 710 168 7.4 27 
0.12 1.E-09 99.56 2.793 112 5.0 277 610 166 7.4 24 
0.11 0.02 100.14 2.729 119 7.6 261 660 152 7.5 25 
0.12 0.01 99.69 2.724 111 3.3 266 610 164 7.0 24 
0.07 1.E-09 99.74 1.903 182 7.5 86 170 201 17.3 33 
0.05 1.E-09 99.85 1.734 213 14 62 125 204 22 41 
0.04 0.02 100.14 1.519 247 16 57 110 165 18.4 41 
0.28 1.34 100.20 4.400 141 15 311 280 172 14.4 38 
0.19 0.43 100.33 3.624 146   329 550 181 11.5 25 
0.15 1.18 99.63 3.349 129 13 293 560 148 9.2 24 
0.16 0.41 99.64 3.338 136 13 314 510 156 10.6 26 
0.21 1.56 99.25 3.270 135 12 322 560 255 15.5 30 
0.35 1.40 99.23 3.263 143 8.2 346 445 198 12.9 31 
0.17 0.11 99.70 4.180 86 5.3 286 570 197 9.1 34 
0.19 0.07 98.15 4.090 87 6.2 336 780 198 7.6 34 
0.18 1.E-09 99.61 3.336 91 6.6 311 325 146 11.0 26 
0.17 1.E-09 99.93 3.161 90 4.3 330 330 134 10.1 26 
0.15 0.01 99.99 3.050 100 7.0 336 355 149 10.4 25 
0.02 0.09 100.07 0.340 124 3.7 114 495 65 4.6 17 
0.15 0.01 99.76 3.168 94 5.7 286 335 145 7.3 27 
0.17 1.E-09 99.68 3.053 111 6.9 261 330 156 7.7 31 
0.13 1.E-09 99.87 3.008 101 5.9 262 280 154 7.8 28 
0.14 0.02 100.14 2.812 121 4.8 249 330 153 8.8 32 
0.14 1.E-09 99.79 2.741 123 5.5 237 325 169 8.6 32 
0.15 1.E-09 100.04 2.689 126 4.9 225 360 168 9.2 80 
0.08 1.E-09 99.59 2.061 124 6.5 170 320 121 7.0 23 
0.10 0.08 98.83 2.280 149 6.8 301 550 132 5.0 16 
0.07 2.E-09 99.54 2.244 122 4.7 219 355 102 6.3 30 
0.05 0.01 99.34 1.632 135 8.0 169 400 101 6.4 32 
0.03 0.03 99.81 1.142 174 5.7 101 295 94 6.9 41 
0.07 0.05 99.49 2.641 77 7.7 160 1150 345 8.6 29 
0.05 0.02 99.87 2.319 91 4.4 136 1080 298 8.0 29 
0.05 2.E-09 99.43 2.137 78 4.2 117 1050 299 7.5 26 
0.04 2.E-09 99.21 1.753 80 2.0 83 690 228 6.6 24 
0.03 0.01 99.39 1.363 89 3.4 88 700 244 7.1 27 
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0.11 1.E-09 99.84 2.347 165 8.0 104 250 200 13.7 34 
0.07 1.E-09 99.56 2.015 173 6.2 80 195 181 13.7 37 
0.09 1.E-09 99.84 1.951 167 4.3 77 170 182 13.3 37 
0.09 1.E-09 99.80 1.852 154 5.2 79 180 173 12.1 33 
0.09 1.E-09 99.86 1.845 176 4.9 77 185 187 14.0 40 
0.09 1.E-09 99.95 1.840 177 4.1 73 190 185 13.3 40 
0.09 1.E-09 100.07 1.829 194 8.1 67 165 173 17.9 41 
0.07 1.E-09 99.77 1.703 185 3.8 62 175 183 13.9 35 
0.02 2.E-09 99.59 1.230 267 2.9 14 36 130 12.7 66 
 
La Ce Sc V Cr Mn Co Ni Cu Zn Ga 
15 35   80 17 540   7 17 40 17.3 
21 43   30 4 740   1.E-07 2 55 17.7 
21 40 9 27 3 860 5 1.E-07 1.E-07 56 16.2 
24 50   31 6 720   1.E-07 2 51 17.3 
22 42 8 29 2 775 6 1.E-07 1.E-07 53 16.2 
43 72   17 10 300   1.E-07 7 42 19.0 
48 84   13 9 265   1.E-07 3 36 20.0 
38 74   15 7 250   3 7 17 21.3 
22 47   68 7 360   2 333 23 19.4 
27 61 10 55 9 355   4 79 27 15.2 
20 39   52 16 305   3 165 22 18.0 
19 39   54 16 525   2 74 35 18.9 
32 62   40 7 215   1.E-07 375 19 19.8 
16 38   61 8 690   3 268 26 19.7 
19 44   42 3 590   3 8 80 18.8 
21 49   48 3 690   4 6 139 14.7 
16 35   42 16 545   2 2 45 18.1 
20 34   67 18 550   3 4 40 17.4 
14 30   57 18 545   1 7 46 18.0 
10 21   11 11 70   1.E-07 32 1.E-07 14.7 
18 42   56 34 545   7 2 54 17.2 
19 42   53 20 525   5 10 50 16.8 
21 44 11 50 21 505   6 1.E-07 43 17.0 
20 43   43 18 475   5 1.E-07 49 16.6 
22 45   40 16 410   4 1.E-07 47 17.2 
22 44   40 19 465   4 1.E-07 51 17.4 
21 40   27 15 330   2 1.E-07 31 14.4 
19 34   45 16 420   2 70 4 18.3 
15 32 8 37 7 845 6 9 1.E-07 43 16.8 
14 27   26 14 350   5 2 11 17.3 
18 35   19 10 250   2 4 1.E-07 17.3 
35 66   24 13 395   1 3 32 19.7 
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46 85   24 5 335   3 1.E-07 27 19.0 
37 77 8 17 2 305 4 2 1.E-07 46 17.6 
39 81 7 12 3 250 3 1.E-07 3 37 16.6 
50 90   19 11 170   1.E-07 1.E-07 25 17.1 
31 61   23 11 270   1 6 41 17.8 
36 67 6 15 9 315   1.E-07 3 46 17.4 
35 66   17 9 215   1.E-07 7 38 17.2 
34 66   14 9 260   1.E-07 6 42 17.0 
35 68   15 11 175   1.E-07 6 34 17.6 
38 71   16 11 180   1.E-07 6 41 17.4 
36 69   9 15 265   1.E-07 6 39 17.8 
41 74 5 10 6 240   1.E-07 3 31 16.2 
40 85 4 4 2 155 3 2 6 22 17.6 
 
As Mo Sn Sb Tl Pb Bi Th U 
8.2 2.1 1.7 0.8 2.9 11 5.E-08 8.6 1.7 
1.5 2.3 3.2 5.E-08 2.1 22 1.1 12.1 2.0 
0.6 0.6 2.3 5.E-08 1.0 19 0.5 13.6 2.6 
1.7 1.9 3.3 5.E-08 2.4 22 1.9 14.2 0.9 
0.5 0.8 2.2 5.E-08 1.1 20 0.7 13.0 3.0 
1.4 4.1 6.7 5.E-08 2.1 22 3.3 26.5 4.5 
3.7 6.8 9.4 5.E-08 3.9 23 2.6 33.0 12.4 
4.3 4.4 9.0 0.3 5.9 20 2.2 39.0 10.8 
1.1 5.0 11.4 5.E-08 2.9 9 1.5 8.8 2.6 
2.0         11   13.6 3.4 
0.4 5.7 2.7 5.E-08 2.0 10 1.3 10.4 2.0 
1.3 3.4 5.8 5.E-08 1.8 11 1.0 13.6 3.3 
0.8 3.9 3.2 5.E-08 2.8 13 3.9 8.6 2.9 
0.8 3.6 40 5.E-08 2.4 12 3.0 6.8 5.E-08 
2.9 5.0 3.1 3.0 3.6 20 1.9 10.9 7.1 
2.6 2.4 4.4 20 5.E-08 222 5.E-08 10.3 1.9 
4.E-08 2.5 3.5 5.E-08 1.7 12 1.2 10.5 0.9 
0.6 1.9 3.5 5.E-08 1.5 12 1.0 11.1 2.2 
4.E-08 4.5 4.2 5.E-08 3.6 14 2.6 10.9 5.0 
2.3 0.9 4.E-08 5.E-08 4.6 23 1.7 9.2 5.E-08 
5.E-08 0.8 5.2 5.E-08 1.2 25 0.8 12.6 2.6 
0.4 1.2 5.1 5.E-08 1.0 12 0.7 13.8 2.8 
0.5 0.9 2.7 5.E-08 1.0 11 0.9 15.4 3.2 
5.E-08 1.6 5.5 5.E-08 1.2 13 0.5 16.2 4.0 
0.6 1.1 3.6 5.E-08 1.4 14 1.0 12.6 2.6 
0.5 0.6 4.3 5.E-08 1.0 16 0.5 16.2 4.4 
5.E-08 0.4 3.2 5.E-08 1.1 15 0.5 18.6 3.6 
0.9 9.9 2.4 5.E-08 4.2 8 1.6 9.3 2.0 
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0.6 1.8 8.5 5.E-08 0.9 12 0.5 12.0 3.4 
0.4 0.5 2.7 5.E-08 4.4 17 1.3 12.4 0.5 
1.5 26 1.7 5.E-08 4.8 20 3.4 15.5 5.E-08 
13.1 5.9 4.2 0.3 2.8 12 0.6 7.8 2.0 
2.4 5.3 7.0 5.E-08 2.3 10 0.6 8.7 5.E-08 
0.3 9.5 2.4 5.E-08 0.7 12 0.9 10.0 1.8 
0.7 3.2 1.4 5.E-08 6.E-08 14 0.4 10.2 2.2 
3.E-08 4.2 2.3 5.E-08 7.E-08 11 5.E-08 11.1 0.9 
11.2 4.2 13.6 1.2 1.3 13 1.0 18.8 4.2 
2.1 1.9 6.2 0.5 1.0 13 0.8 26.0 6.2 
9.1 1.0 16.4 1.7 1.4 14 0.5 25.5 4.4 
0.8 3.3 4.2 5.E-08 1.6 16 3.7 23.5 4.8 
5.4 6.5 3.1 1.9 0.9 12 1.6 28.0 6.8 
16.4 1.9 10.2 0.6 0.9 16 0.6 29.5 5.4 
15.8 4.8 5.2 0.5 1.2 14 0.7 25.0 6.4 
5.E-08 3.6 1.4 5.E-08 1.1 13 0.5 28.5 6.2 
0.7 5.4 2.4 5.E-08 2.0 18 7.8 44.5 7.2 
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Table 9.5: New Zealand Median Batholith Triassic Intrusions (XRF), data taken from PETLAB 
Database GNS Science New Zealand. 
Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O   P2O5  
NZ 69.3 0.22 17.1 2.08 0.06 0.58 4.97 3.43 1.25 0.06 
NZ 69.58 0.24 16.82 2.16 0.05 0.56 5.07 3.4 1.33 0.12 
NZ 77.16 0.13 12.43 0.65 0.02 bd 0.93 3.9 4.23 0.03 
NZ 72.64 0.23 14.2 1.47 0.02 0.33 1.67 3.41 5.14 0.08 
NZ 75.14 0.19 13.31 1.45 0.02 0.23 3.01 1.02 5.43 bd 
NZ 70.94 0.19 15.97 1.8 0.06 0.6 5.2 3.34 1.22 0.04 
NZ 69.19 0.17 17.07 1.64 0.04 0.23 2.38 6.61 1.1 0.04 
NZ 51.89 0.91 19.36 9.78 0.19 3.02 5.5 5 0.76 0.07 
NZ 69.48 0.18 17.05 1.7 0.04 0.3 3.35 4.88 1.03 0.05 
NZ 71.78 0.13 16.13 1.26 0.04 0.27 3.01 5.29 1.28 0.04 
NZ 41 0.44 18.15 6.42 0.12 0.25 31.04 1 0.09 bd 
NZ 76.95 0.1 12.31 1.16 0.01 0.06 0.58 2.88 5.61 0.03 
NZ 73.67 0.23 13.8 1.76 0.03 0.29 1.37 3.13 5.36 0.05 
NZ 73.67 0.23 13.8 1.76 0.03 0.29 1.37 3.13 5.36 0.05 
NZ 65.69 0.6 16.58 4.28 0.08 1.34 3.46 4.79 2.2 0.2 
NZ 71.56 0.17 16.16 1.72 0.03 0.49 5.28 2.41 1.41 0.04 
NZ 69.66 0.24 16.38 2.1 0.06 0.71 5.23 3.36 1.29 0.07 
NZ 76.36 0.08 13.25 0.75 0.03 0.07 4.05 0.74 4.62 0.04 
NZ 71.21 0.16 16.24 1.54 0.05 0.51 5.22 3.38 1.37 0.04 
NZ 76.66 0.05 13.36 0.5 0.02 0.05 4.44 0.8 4.31 0.02 
NZ 66.74 0.6 16 3.86 0.09 1.13 2.96 4.45 2.92 0.15 
NZ 70.08 0.19 16.69 1.75 0.06 0.51 3.38 5.19 1.19 0.05 
NZ 71.11 0.11 16.37 0.88 0.02 0.35 2.93 5.2 1.62 0.06 
NZ 76.22 0.09 12.73 0.72 0.06 0.11 0.5 4.37 4.12 bd 
NZ 65.82 0.52 15.74 4.12 0.09 1.69 3.82 4.04 2.19 0.2 
NZ 70.59 0.19 16.17 1.45 0.05 0.31 3.08 5.37 1.04 0.04 
NZ 77.93 0.12 12.03 0.75 0.04 0.04 1.02 3.74 3.65 0.04 
NZ 68.91 0.27 16.52 2.08 0.06 0.54 3.65 5.44 0.81 0.06 
NZ 67.97 0.28 16.83 2.16 0.04 0.78 3.95 5.55 0.71 0.08 
 
Rb Sr Ba Zr Nb Y La Ce Sc V Cr 
21 542 329 93 4 9 7 32 1 31 1 
27 559 280 91 4 8 6 38 1 33 6 
103 57 83 77 7 10 18 125 8 4 8 
126 295 668 120 6 6 1 52 6 23 8 
193 90 385 135 5 23 13 45 5 12 1 
20 560 334 82 4 9 4 29 3 23 3 
12 677 534 100 1 6 3 6 2 29 3 
6-167 
 
26 482 206 83 2 22 5 16 24 197 6 
19 577 268 90 3 2 5 11 3 22 4 
29 553 293 67 1 1 2 4 2 14 2 
3 64 19 25 1 9 5 11 19 205 43 
215 78 229 96 1 5 14 28 bd 10 2 
164 207.5 698.6 177.8 3.5 18.7 21.8 56.4 1.2 18.5 3 
164 207.5 698.6 177.8 3.5 18.7 21.8 56.4 1.2 18.5 3 
102 413 452 214 5 14 17 38 6 64 7 
22 535 374 85 3 7 7 23 6 20 4 
19 651 318 100 3 9 1 24 bd 37 5 
60 102 871 60 3 7 13 20 3 8 1 
21 584 312 83 3 8 bd 12 3 21 3 
53 77 404 46 3 7 9 29 2 4 5 
102 319 407 167 6 23 14 67 6 57 3 
21 594 302 80 3 9 2 52 1 23 2 
25 465 324 62 3 7 bd 47 1 13 3 
114 38 74 56 6 6 7 52 4 8 4 
63 420 458 129 5 16 10 56 4 83 8 
16 561 321 62 3 4 8 32 6 22 5 
90 96 413 60 4 10 10 75 5 10 7 
9 575 289 72 5 6 10 77 8 33 14 
7 670 219 78 5 6 bd 68 7 43 10 
 
Ni Cu Zn Ga As Pb Bi Th U 
4 7 35 18 4 9   bd bd 
4 3 37 16 3 5   3 bd 
8 4 35 9 bd 22   51 4 
7 4 34 13 bd 22   15 3 
2 bd 9 11 3 20   28 7 
3 4 72 16 3 6   bd bd 
3 4 27 20 1 8   bd bd 
6 98 137 22 2 7   1 1 
1 181 27 18 1 6   1 bd 
1 2 20 16 bd 7   1 bd 
8 37 43 17 bd 2   1 bd 
4 26 7 11 8 22   48 7 
4.9 2.4 24.6 14.4   23.8   67.3 6.6 
4.9 2.4 24.6 14.4 3 23.8   67.3 6.6 
5 5 67 19 2 15   10 1 
3 3 20 14 5 1   1 bd 
3 4 42 18 7 1   bd bd 
2 4 24 15 2 17   6 bd 
2 3 23 15 4 bd   2 bd 
6-168 
 
2 1 43 14 5 9   5 6 
4 5 52 18 2 23   12 2 
3 6 27 17 3 7   bd bd 
3 5 6 15 4 1   2 bd 
2 3 16 17 1 22   3 2 
6 5 68 17 1 16   10 bd 
5 101 48 18 bd 12   bd bd 
9 4 38 10 bd 16   13 bd 
8 2 38 15 1 8   bd bd 
9 15 34 18 1 7   bd bd 
 
  
6-169 
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8-170 
 
 
Table 9.6: Temora Standards 
Labels U/ppm Th/ppm Th/U ± Th/U Pb*/ppm 204/ppb 204Pb/206Pb ± 204/206 
TEM-1.1 148 72 0.49 0.00475 10 -1 0.00038 0.00016 
TEM-2.1 233 68 0.29 0.00266 15 -4 0.00035 0.00014 
TEM-3.1 297 107 0.36 0.00575 19 -1 0.0004 0.00015 
TEM-4.1 208 103 0.49 0.00815 14 -3 0.0001 0.00004 
TEM-5.1 153 44 0.28 0.00299 10 -2 0.00044 0.00012 
TEM-6.1 155 81 0.52 0.00711 11 -3 0.00012 0.00012 
TEM-13.1 150 87 0.58 0.00782 11 -2 0.00017 0.00012 
TEM-12.1 108 33 0.31 0.00253 7 -1 0.00023 0.00011 
TEM-11.1 178 49 0.27 0.00306 12 -1 0.00028 0.00013 
TEM-16.1 173 58 0.34 0.00684 12 -3 0.00024 0.00011 
TEM-10.1 234 67 0.29 0.00406 15 -3 0 0.00004 
TEM-14.1 152 83 0.54 0.00528 11 -3 0 0.00007 
TEM-9.1 727 339 0.47 0.01431 51 -12 0 0.00001 
TEM-15.1 167 46 0.28 0.00369 11 -3 0.00011 0.00006 
TEM-8.1 154 69 0.45 0.00436 11 -2 0.00028 0.0002 
TEM-7.1 197 90 0.46 0.00737 14 -3 0.0001 0.00006 
                  
f206 ± f206 f207 f208 Y ± Y com8/6 ± com8/6 6*/38m 
-0.0022 
-
0.0016 -0.0362 -0.0317 0 0 0 0 0.14899 
-0.0054 -0.001 -0.096 -0.1376 0 0 0 0 0.1495 
-0.0015 
-
0.0016 -0.025 -0.0292 0 0 0 0 0.15918 
8-171 
 
-0.0037 -0.001 -0.0632 -0.051 0 0 0 0 0.14924 
-0.004 -0.001 -0.0691 -0.0907 0 0 0 0 0.13479 
-0.0048 -0.001 -0.0844 -0.0636 0 0 0 0 0.15962 
-0.003 -0.001 -0.0503 -0.0364 0 0 0 0 0.14597 
-0.0036 
-
0.0011 -0.0617 -0.083 0 0 0 0 0.13984 
-0.0022 -0.001 -0.0368 -0.0573 0 0 0 0 0.13623 
-0.0048 
-
0.0011 -0.0837 -0.1042 0 0 0 0 0.14116 
-0.0042 
-
0.0009 -0.0726 -0.1049 0 0 0 0 0.14407 
-0.006 
-
0.0014 -0.1064 -0.081 0 0 0 0 0.15773 
-0.0047 
-
0.0006 -0.0826 -0.0726 0 0 0 0 0.15294 
-0.0053 
-
0.0011 -0.0935 -0.1322 0 0 0 0 0.15142 
-0.0033 
-
0.0009 -0.0573 -0.0526 0 0 0 0 0.14353 
-0.0039 
-
0.0008 -0.0672 -0.0613 0 0 0 0 0.15868 
                  
± 6*/38m UO/U ± UO/U 208Pb/206Pb ± 8/6 208Pb/232Th ± 8/32 206Pb/238U ± 6/38 
0.00097 6.464 0.03171 0.15562 0.00656 0.02026 0.00091 0.06337 0.00075 
0.00102 6.3885 0.04079 0.09923 0.0051 0.02222 0.0012 0.0651 0.00094 
0.00232 6.7456 0.06304 0.11784 0.005 0.02036 0.00104 0.06217 0.00147 
0.00307 6.3563 0.08063 0.16787 0.00395 0.02234 0.00097 0.06564 0.00214 
0.00162 5.9893 0.04305 0.10647 0.00348 0.02495 0.00098 0.06678 0.00125 
0.00296 6.5686 0.06804 0.17827 0.00572 0.02242 0.001 0.06575 0.00183 
8-172 
 
0.00286 6.2315 0.05804 0.18682 0.00468 0.0214 0.00084 0.06681 0.0018 
0.00217 6.0193 0.03591 0.10385 0.00432 0.02318 0.00108 0.06859 0.00134 
0.00158 6.081 0.04235 0.08989 0.00322 0.02155 0.0009 0.06547 0.00119 
0.00317 6.0954 0.0753 0.1122 0.00355 0.02252 0.00113 0.06752 0.00225 
0.00221 6.2224 0.06226 0.09768 0.00284 0.02242 0.00092 0.06613 0.00167 
0.00229 6.3843 0.04671 0.17577 0.0065 0.02218 0.00096 0.06878 0.00142 
0.00359 6.3648 0.13794 0.1546 0.00188 0.02223 0.00132 0.06709 0.00331 
0.00224 6.2477 0.0617 0.10033 0.00322 0.02485 0.00106 0.06894 0.0017 
0.00142 6.0966 0.0471 0.14841 0.00473 0.02263 0.00086 0.06863 0.00126 
0.00274 6.411 0.05997 0.14926 0.00311 0.02241 0.00082 0.06861 0.00175 
                  
207Pb/235U 
± 
7/35 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 235U/207Pb ± 35/7 206Pb/207Pb 
0 0 0 0 15.78 0.186 0 0 0 
0 0 0 0 15.361 0.222 0 0 0 
0 0 0 0 16.085 0.381 0 0 0 
0 0 0 0 15.233 0.498 0 0 0 
0 0 0 0 14.975 0.281 0 0 0 
0 0 0 0 15.209 0.423 0 0 0 
0 0 0 0 14.969 0.404 0 0 0 
0 0 0 0 14.579 0.286 0 0 0 
0 0 0 0 15.274 0.277 0 0 0 
0 0 0 0 14.81 0.494 0 0 0 
0 0 0 0 15.122 0.381 0 0 0 
0 0 0 0 14.54 0.3 0 0 0 
0 0 0 0 14.905 0.735 0 0 0 
8-173 
 
0 0 0 0 14.505 0.358 0 0 0 
0 0 0 0 14.571 0.267 0 0 0 
0 0 0 0 14.574 0.371 0 0 0 
                  
± 6/7 
AGE 
8/32 ± age8/32 AGE 6/38 ± age6/38 AGE 7/35 ± age7/35 AGE 7/6 ± age7/6 
0 405.48 18.02 396.09 4.53 0 0 0 0 
0 444.15 23.8 406.55 5.7 0 0 0 0 
0 407.39 20.64 388.81 8.95 0 0 0 0 
0 446.54 19.22 409.86 12.98 0 0 0 0 
0 498.14 19.26 416.71 7.57 0 0 0 0 
0 448.15 19.76 410.49 11.06 0 0 0 0 
0 427.98 16.6 416.88 10.92 0 0 0 0 
0 463.17 21.42 427.67 8.11 0 0 0 0 
0 431.03 17.79 408.81 7.19 0 0 0 0 
0 450.13 22.39 421.21 13.62 0 0 0 0 
0 448.21 18.17 412.79 10.08 0 0 0 0 
0 443.45 19.05 428.77 8.55 0 0 0 0 
0 444.33 26.08 418.62 20.01 0 0 0 0 
0 496.15 20.9 429.76 10.27 0 0 0 0 
0 452.38 17.01 427.88 7.6 0 0 0 0 
0 447.96 16.24 427.81 10.55 0 0 0 0 
                  
% CONC Time AGE 6/38 ± age6/38           
0 10.12 396.09 4.53           
0 10.57 406.55 5.7           
8-174 
 
0 11.75               
0 13.02 409.86 12.98           
0 14.3 416.71 7.57           
0 16.35 410.49 11.06           
0 18.87 416.88 10.92           
0 20.25 427.67 8.11           
0 21.63 408.81 7.19           
0 23.02 421.21 13.62           
0 0.4 412.79 10.08           
0 1.78 428.77 8.55           
0 3.17 418.62 20.01           
0 4.53 429.76 10.27           
0 5.93 427.88 7.6           
0 7.3 427.81 10.55           
 
Table 9.7: Jolly Nose Volcanic Clast 
Labels site U/ppm Th/ppm Th/U ± Th/U Pb*/ppm 204/ppb 204Pb/206Pb 
V-1.1 e,osc,p 162.69 271.84 1.67091 0.04104 11 2 0.00026 
V-2.1 e,osc,p 473.78 289.33 0.61068 0.00633 15 7 0.00056 
V-3.1 e,osc,p 439.49 235.66 0.53622 0.01282 22 2 9.1E-05 
V-4.1 e,osc,p 783.66 1485.15 1.89516 0.01433 53 1 3.7E-05 
V-5.1 e,osc,p 634.62 1017.57 1.60343 0.01395 40 3 0.00012 
V-6.1 e,osc,p 371.92 195.1 0.52458 0.00459 20 3 0.00021 
V-7.1 e,osc,p 434.33 218.32 0.50265 0.00429 15 4 0.00028 
V-8.1 e,osc,p 318.42 455.7 1.43113 0.02307 21 3 0.00023 
8-175 
 
V-2.2 c,osc,p 421.53 271.88 0.64497 0.01134 15 0 3.5E-05 
                  
± 204/206 f206 ± f206 f207 f208 Y ± Y com8/6 ± com8/6 
0.00021 0.00472 0.00394 0.07565 0.01881 0.00831 0.02439 1.76031 5.37056 
0.00015 0.01036 0.00285 0.17181 0.11666 0 0 0 0 
7.2E-05 0.00167 0.00133 0.02599 0.02175 0 0 0 0 
3.7E-05 0.00068 0.00068 0.01065 0.00241 0 0 0 0 
5.4E-05 0.00212 0.00101 0.03376 0.00912 0 0 0 0 
0.0001 0.0038 0.00193 0.06052 0.04686 0.00741 0.00346 1.9472 1.34296 
0.00011 0.00516 0.00209 0.08452 0.06942 0.00001 0.00381 0.001 0.73875 
7E-05 0.00419 0.0013 0.066 0.01985 0 0 0 0 
3.7E-05 0.00064 0.00069 0.01018 0.00643 0.00764 0.00596 11.9654 15.8804 
                  
6*/38m ± 6*/38m UO/U ± UO/U 208Pb/206Pb ± 8/6 208Pb/232Th ± 8/32 206Pb/238U 
0.11127 0.0016 6.4033 0.08074 0.51537 0.02239 0.01488 0.00093 0.04823 
0.07037 0.00063 6.3241 0.04556 0.16501 0.00891 0.00845 0.00053 0.03127 
0.13849 0.00284 7.1316 0.12753 0.15679 0.0044 0.01415 0.00085 0.04839 
0.13265 0.00118 7.0383 0.03776 0.58371 0.00609 0.01466 0.00045 0.04759 
0.13671 0.001 7.1467 0.04321 0.4818 0.00655 0.01429 0.00046 0.04757 
0.09317 0.00109 5.6676 0.03824 0.16176 0.00512 0.0159 0.00071 0.05155 
0.06687 0.0007 5.8731 0.04092 0.14471 0.00564 0.00992 0.00049 0.03445 
0.11231 0.00295 6.285 0.07291 0.4321 0.00625 0.01526 0.00073 0.05053 
0.06909 0.00151 6.0379 0.0721 0.20584 0.00503 0.01075 0.00054 0.03368 
                  
± 6/38 207Pb/235U ± 7/35 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 235U/207Pb ± 35/7 
0.00182 0.32665 0.02975 0.04912 0.00385 20.7341 0.78074 3.06139 0.27882 
8-176 
 
0.00092 0.18431 0.01377 0.04275 0.00278 31.9807 0.94052 5.42555 0.40527 
0.00231 0.35482 0.02058 0.05318 0.00147 20.6645 0.98554 2.81831 0.16347 
0.00132 0.34955 0.0121 0.05327 0.00093 21.0131 0.58307 2.86083 0.09899 
0.00132 0.33873 0.01447 0.05165 0.0015 21.0222 0.5854 2.95221 0.12615 
0.00154 0.35709 0.01817 0.05024 0.00189 19.399 0.58021 2.80039 0.14248 
0.00102 0.22604 0.01209 0.04758 0.00195 29.024 0.86096 4.42399 0.23658 
0.00215 0.3512 0.01843 0.05041 0.00131 19.7908 0.84058 2.84739 0.14938 
0.00136 0.24463 0.01174 0.05268 0.00113 29.6894 1.19727 4.08784 0.19621 
                  
206Pb/207Pb ± 6/7 
AGE 
8/32 ± age8/32 AGE 6/38 ± age6/38 AGE 7/35 ± age7/35 AGE 7/6 
20.3581 1.59517 298.46 18.53 303.64 11.18 287 23.03 153.6 
23.3915 1.52245 170.06 10.56 198.48 5.75 171.77 11.87 0 
18.8047 0.51865 284 17.01 304.64 14.21 308.34 15.54 336.41 
18.7717 0.32838 294.11 8.93 299.7 8.13 304.38 9.14 340.39 
19.3629 0.56377 286.86 9.17 299.58 8.16 296.21 11.04 269.73 
19.904 0.74819 318.77 14.05 324.02 9.46 310.04 13.69 206.17 
21.0164 0.86043 199.5 9.87 218.37 6.37 206.92 10.06 78.54 
19.8374 0.51462 306.03 14.49 317.77 13.18 305.62 13.94 213.93 
18.9842 0.40769 216.11 10.82 213.55 8.48 222.2 9.62 314.83 
                  
± age7/6 % CONC Time AGE 6/38 ± age6/38         
173.9 197.7 11.02             
0 0 11.38             
63.74 90.6 12.1             
40.1 88 12.4             
8-177 
 
68.17 111.1 12.68             
89.58 157.2 13.37             
94.46 278 13.68 218.37 6.37         
61.22 148.5 13.98             
49.6 67.8 14.68 213.55 8.48         
 
 
Table 9.8: Jolly Nose Sandstone Clast 
Labels U/ppm Th/ppm Th/U ± Th/U Pb*/ppm 204/ppb 204Pb/206Pb ± 204/206 
       S-1.1 494.77 302.95 0.61231 0.00917 26 3 0.00014 6.5E-05 
       S-2.1 168.61 316.47 1.87686 0.02176 21 4 0.00031 0.0001 
       S-3.1 381.19 213.67 0.56053 0.0052 22 1 3.6E-05 0.00005 
       S-4.1 169.93 97.54 0.57399 0.01046 9 4 0.00054 0.00015 
       S-5.1 281.15 199.2 0.7085 0.01047 15 2 0.00016 8.3E-05 
       S-6.1 445.32 222.21 0.49899 0.00806 25 3 0.00016 9.2E-05 
                  
f206 ± f206 f207 f208 Y ± Y com8/6 ± com8/6 6*/38m 
0.00265 0.00121 0.04115 0.02848 0.00478 0.0041 1.80558 1.7531 0.10379 
0.00568 0.00186 0.07976 0.02066 0 0 0 0 0.18567 
0.00066 0.00092 0.01065 0.00792 0.00128 0.00373 1.936 6.2387 0.13136 
0.00998 0.00279 0.15997 0.11664 0.00243 0.00496 0.24326 0.5019 0.11654 
0.00295 0.00154 0.04704 0.0277 0.0029 0.00588 0.98422 2.06203 0.10518 
0.00295 0.0017 0.04616 0.03766 0.00921 0.0034 3.12301 2.14163 0.11404 
                  
8-178 
 
± 6*/38m UO/U ± UO/U 208Pb/206Pb ± 8/6 208Pb/232Th ± 8/32 206Pb/238U ± 6/38 
0.00194 6.113 0.06634 0.18868 0.00389 0.01521 0.00069 0.04936 0.00185 
0.00355 6.0655 0.05806 0.56393 0.0065 0.02695 0.00107 0.08969 0.00324 
0.00189 6.5201 0.05005 0.1733 0.00388 0.01698 0.00068 0.05492 0.00175 
0.00249 6.4195 0.08365 0.15902 0.00695 0.01392 0.00088 0.05026 0.00208 
0.00232 6.0921 0.07025 0.21593 0.00586 0.01535 0.00078 0.05037 0.00201 
0.00246 6.1849 0.07347 0.15744 0.00424 0.01672 0.00085 0.05298 0.00212 
                  
207Pb/235U ± 7/35 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 235U/207Pb ± 35/7 206Pb/207Pb 
0.35696 0.01633 0.05245 0.00116 20.2581 0.75747 2.80146 0.12813 19.0673 
0.6907 0.03504 0.05585 0.00175 11.1495 0.40329 1.4478 0.07344 17.9042 
0.3957 0.01566 0.05226 0.00103 18.2096 0.58132 2.52717 0.10002 19.1353 
0.31094 0.02398 0.04487 0.0027 19.898 0.82337 3.21604 0.24806 22.2851 
0.35222 0.0189 0.05072 0.00158 19.8549 0.79305 2.83913 0.15238 19.716 
0.37846 0.0201 0.05181 0.00156 18.8739 0.75664 2.64229 0.14031 19.3028 
                  
± 6/7 
AGE 
8/32 ± age8/32 AGE 6/38 ± age6/38 AGE 7/35 ± age7/35 AGE 7/6 ± age7/6 
0.42101 305.14 13.71 310.61 11.35 309.94 12.29 304.9 51.11 
0.56088 537.48 21.06 553.7 19.22 533.22 21.26 446.53 71.18 
0.37778 340.3 13.53 344.63 10.72 338.52 11.46 296.77 45.69 
1.33987 279.48 17.46 316.1 12.78 274.91 18.75 0 0 
0.61521 307.9 15.44 316.77 12.36 306.39 14.3 228.13 73.73 
0.58237 335.1 16.93 332.81 13.02 325.9 14.91 276.86 70.61 
                  
% CONC Time               
8-179 
 
101.9 16.6               
124 17.77               
116.1 18.05               
0 18.32               
138.9 18.6               
120.2 19.15               
 
Table 9.9: North Brother Diorite 
Labels site U/ppm Th/ppm Th/U ± Th/U Pb*/ppm 204/ppb 204Pb/206Pb 
       D-1.1 e,osc,p 132 52 0.39 0.00337 4 2 0.00042 
       D-2.1 e,osc,p 147 63 0.43 0.00613 5 0 1.5E-05 
       D-3.1 e,osc,p 188 94 0.5 0.00403 6 1 0.00019 
       D-4.1 e,osc,p 159 75 0.47 0.00749 5 2 0.00043 
       D-5.1 e,osc,p 182 110 0.6 0.00979 7 1 0.0002 
       D-6.1 e,osc,sr 152 60 0.39 0.00734 5 1 0.0002 
       D-7.1 e,osc,p 118 46 0.39 0.00398 4 4 0.00117 
       D-8.1 e,osc,p 188 132 0.71 0.00929 7 1 0.00016 
       D-9.1 e,osc,p 101 40 0.4 0.01148 3 1 0.00033 
       D-9.2 c,osc,p 157 65 0.41 0.00681 5 0 1E-06 
      D-10.1 c,osc,p 593 467 0.79 0.00519 21 14 0.00083 
      D-11.1 e,osc,p 200 121 0.61 0.00595 7 0 1E-06 
                  
± 204/206 f206 ± f206 f207 f208 Y ± Y com8/6 ± com8/6 
0.00019 0.008 0.00354 0.12534 0.12692 0.00654 0.00526 0.85015 0.78805 
4.2E-05 0 0.00078 0.0046 0.00414 0.00609 0.00484 22.0462 65.0724 
8-180 
 
0.00016 0.003 0.00304 0.05792 0.04573 0.0046 0.00532 1.32204 1.91493 
0.00021 0.008 0.00394 0.12926 0.1106 0.00326 0.00789 0.41277 1.02182 
0.00014 0.004 0.00261 0.06221 0.03969 0.00557 0.00564 1.52498 1.89149 
0.00013 0.004 0.00243 0.05897 0.06542 0 0 0 0 
0.00032 0.022 0.00582 0.27442 0.24804 0.0632 0.01938 2.91628 1.18919 
9.1E-05 0.003 0.00168 0.05054 0.02774 0.0098 0.00704 3.23875 2.94217 
0.00044 0.006 0.00812 0.09721 0.09902 0.00656 0.00959 1.06719 2.10375 
9.1E-05 0 0.00168 0.00031 0.0003 0.00022 0.00622 12.0828 1152 
0.00015 0.015 0.0028 0.24992 0.13479 0 0 0 0 
8.1E-05 0 0.0015 0.0003 0.00019 0.01662 0.00743 0 0 
                  
6*/38m ± 6*/38m UO/U ± UO/U 208Pb/206Pb ± 8/6 208Pb/232Th ± 8/32 206Pb/238U 
0.0701 0.00086 6.1178 0.03542 0.11105 0.00902 0.00948 0.00082 0.03329 
0.07349 0.00155 6.2735 0.06668 0.13817 0.00474 0.01069 0.00057 0.03319 
0.06982 0.00062 6.1 0.03496 0.15177 0.00818 0.01014 0.00062 0.03335 
0.07202 0.0013 6.2203 0.06794 0.13315 0.01116 0.00931 0.00087 0.03308 
0.07422 0.0015 6.2389 0.07526 0.18472 0.00724 0.01037 0.0006 0.03389 
0.07039 0.00175 6.1081 0.08718 0.10939 0.00685 0.00935 0.00074 0.03353 
0.08201 0.00165 6.54 0.04818 0.13985 0.02291 0.01214 0.00204 0.03407 
0.07675 0.00145 6.4034 0.05983 0.22163 0.00733 0.01046 0.00053 0.03327 
0.07783 0.00176 6.4467 0.12228 0.11715 0.01916 0.00977 0.0017 0.03328 
0.08027 0.00132 6.5185 0.07085 0.12759 0.00682 0.0104 0.00069 0.03357 
0.08959 0.00072 7.012 0.01811 0.20765 0.00723 0.00855 0.00037 0.03238 
0.07422 0.00089 6.2192 0.04889 0.2042 0.00785 0.01148 0.00058 0.0341 
                  
± 6/38 207Pb/235U ± 7/35 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 235U/207Pb ± 35/7 
8-181 
 
0.00098 0.21041 0.01678 0.0459 0.0032 30.04 0.88 4.75252 0.379 
0.00127 0.23147 0.01123 0.0506 0.0013 30.13 1.16 4.32023 0.20969 
0.00094 0.22137 0.01563 0.0481 0.003 29.99 0.84 4.51735 0.31898 
0.00123 0.20704 0.01942 0.0454 0.0037 30.23 1.12 4.83007 0.45316 
0.00134 0.21885 0.01558 0.0468 0.0026 29.51 1.17 4.56934 0.32532 
0.0015 0.22991 0.01636 0.0497 0.0025 29.82 1.34 4.34962 0.30952 
0.00118 0.2332 0.0285 0.0496 0.0056 29.35 1.02 4.28826 0.52402 
0.00119 0.22169 0.01303 0.0483 0.0021 30.06 1.08 4.51074 0.26516 
0.00167 0.22331 0.03635 0.0487 0.0072 30.05 1.51 4.47802 0.72894 
0.00122 0.23632 0.01284 0.0511 0.0018 29.79 1.08 4.23158 0.22984 
0.00084 0.17641 0.01273 0.0395 0.0025 30.88 0.8 5.66875 0.40914 
0.00106 0.24639 0.01193 0.0524 0.0018 29.32 0.91 4.05867 0.19651 
                  
206Pb/207Pb ± 6/7 
AGE 
8/32 ± age8/32 AGE 6/38 ± age6/38 AGE 7/35 ± age7/35 AGE 7/6 
21.8116 1.53971 190.74 16.48 211.1 6.1 193.9 14.17 0 
19.7683 0.49993 214.98 11.43 210.5 8 211.41 9.31 222.01 
20.7715 1.27506 203.9 12.44 211.5 5.8 203.05 13.08 106.3 
22.0299 1.79885 187.21 17.35 209.8 7.7 191.06 16.47 0 
21.3505 1.16239 208.5 12.04 214.8 8.4 200.95 13.06 41 
20.1101 1.00504 188.18 14.85 212.6 9.4 210.12 13.6 182.22 
20.1468 2.27558 243.99 40.72 216 7.4 212.83 23.74 177.97 
20.6897 0.87597 210.25 10.57 211 7.4 203.32 10.89 115.64 
20.5489 3.05491 196.56 33.97 211.1 10.5 204.66 30.63 131.7 
19.5885 0.70721 209.14 13.89 212.9 7.6 215.4 10.6 243.1 
25.3093 1.62593 171.98 7.51 205.4 5.2 164.96 11.05 0 
8-182 
 
19.0839 0.63769 230.75 11.57 216.2 6.6 223.64 9.77 302.92 
                  
± age7/6 % CONC Time AGE 6/38 ± age6/38         
0 0 19.43 211.08 6.09         
59.57 94.8 19.7 210.46 7.95         
138.96 199 19.98 211.47 5.84         
0 0 20.53 209.79 7.66         
125.27 524 20.8 214.84 8.37         
120.78 116.7 21.08 212.62 9.38         
244.06 121.4 21.35 216 7.36         
101.43 182.4 21.92 210.96 7.44         
316.66 160.3 22.18 211.05 10.45         
85.38 87.6 22.47 212.88 7.61         
0 0 22.73             
78.01 71.4 23.3 216.17 6.62         
                  
 
 
Table 9.10: Diamond Head Rhyolite 
Labels site U/ppm Th/ppm Th/U ± Th/U Pb*/ppm 204/ppb 204Pb/206Pb 
       R-2.1 e,osc,p 583.35 357.12 0.61219 0.01239 21 2 0.00013 
       R-1.1 e,osc,p 377.23 431.54 1.14396 0.01061 17 110 0.00835 
       R-3.1 e,osc,p 548.78 317.15 0.57791 0.00649 20 1 4.4E-05 
       R-4.1 e,osc,p 232.94 138.46 0.59439 0.01034 12 1 0.00015 
8-183 
 
       R-5.1 e,osc,p 658.91 468.48 0.711 0.00713 25 1 5.9E-05 
       R-6.1 e,osc,p 1081.42 835.33 0.77243 0.02246 58 29 0.00062 
       R-7.1 e,osc,p 520.2 291.07 0.55954 0.01255 19 2 0.00014 
       R-8.1 e,osc,p 651.39 619.07 0.95038 0.0095 25 20 0.00106 
       R-9.1 e,osc,p 1634.7 3199.7 1.95736 0.04557 59 160 0.00407 
      R-10.1 e,osc,p 481.69 308.91 0.64131 0.00648 18 2 0.00013 
      R-11.1 e,osc,p 343.41 160.37 0.46699 0.00638 13 29 0.00268 
      R-12.1 e,osc,p 673.36 610.73 0.90699 0.00983 27 3 0.00015 
      R-13.1 e,osc,p 386 227.08 0.5883 0.00528 14 2 0.00021 
      R-14.1 e,osc,p 279.02 147.66 0.52921 0.00773 10 2 0.00031 
      R-15.1 e,osc,p 608.55 421.64 0.69286 0.00779 23 1 3.5E-05 
      R-16.1 e,osc,p 369.96 191.47 0.51755 0.0063 13 2 0.0002 
      R-17.1 e,osc,p 567.89 333.37 0.58702 0.00624 21 0 1E-06 
      R-18.1 e,osc,p 252.51 159.04 0.62983 0.01949 18 0 1.9E-05 
      R-19.1 e,osc,p 406.44 174.2 0.42859 0.00556 14 1 0.00012 
      R-20.1 e,osc,p 564.16 350.98 0.62212 0.00753 21 2 0.0001 
      R-21.1 e,osc,p 631.78 452.07 0.71555 0.01164 24 12 0.00063 
      R-22.1 e,osc,p 207.83 93.42 0.44949 0.00527 7 2 0.0003 
      R-23.1 e,osc,p 471.19 312.71 0.66367 0.00478 18 3 0.0002 
                  
± 204/206 f206 ± f206 f207 f208 Y ± Y com8/6 ± com8/6 
7.5E-05 0.00237 0.00138 0.03946 0.02574 0.00293 0.00499 1.2349 2.223 
0.00063 0.15421 0.01162 0.65327 0.44734 0.4186 0.04172 2.71443 0.33917 
5.5E-05 0.00081 0.00102 0.01346 0.00908 0.00604 0.00415 7.49756 10.8433 
7.1E-05 0.0027 0.00131 0.04344 0.03034 0.00203 0.00564 0.75169 2.12024 
3.7E-05 0.00109 0.00067 0.01809 0.01005 0.00518 0.00406 4.77258 4.77123 
8-184 
 
9.5E-05 0.01138 0.00176 0.16644 0.1098 0 0 0 0 
5.8E-05 0.00251 0.00106 0.04146 0.02956 0.00437 0.0049 1.7391 2.08408 
0.00014 0.01952 0.00254 0.25208 0.13208 0.01955 0.00581 1.00121 0.32489 
0.00021 0.07523 0.00395 0.57826 0.23395 0.10973 0.01478 1.45854 0.21092 
5.4E-05 0.00243 0.001 0.04022 0.02495 0.00485 0.00376 1.99681 1.75199 
0.00056 0.04952 0.0104 0.42688 0.39056 0.12675 0.01787 2.55948 0.64752 
4E-05 0.00281 0.00073 0.04649 0.0207 0.00266 0.00458 0.94722 1.64971 
7.8E-05 0.00395 0.00144 0.06554 0.04348 0.00783 0.00351 1.98236 1.14539 
0.00017 0.00566 0.00317 0.09454 0.07154 0.00205 0.0041 0.36281 0.75224 
2.2E-05 0.00064 0.00042 0.01069 0.00602 0.00764 0.0038 11.9099 9.72552 
8.8E-05 0.00378 0.00162 0.05996 0.05122 0 0 0 0 
3E-05 0.00002 0.00055 0.00032 0.00021 0 0 0 0 
1.5E-05 0.00034 0.00028 0.00526 0.00363 0.00231 0.00666 6.71523 20.1224 
5.8E-05 0.00226 0.00106 0.03754 0.03591 0 0 0 0 
5.4E-05 0.00188 0.00101 0.03125 0.01977 0.00645 0.00378 3.42136 2.71333 
0.00013 0.01159 0.00239 0.16517 0.09689 0.03027 0.00569 2.6119 0.72866 
0.00018 0.00563 0.00327 0.09252 0.07752 0.01286 0.00475 2.28637 1.57503 
9.6E-05 0.00373 0.00177 0.05896 0.035 0.01733 0.00451 4.6465 2.51772 
                  
6*/38m ± 6*/38m UO/U ± UO/U 208Pb/206Pb ± 8/6 208Pb/232Th ± 8/32 206Pb/238U 
0.07457 0.00128 6.2856 0.08664 0.18737 0.0043 0.01027 0.00052 0.03354 
0.06752 0.00245 5.9103 0.0498 0.4691 0.0494 0.01409 0.00163 0.03435 
0.07755 0.00114 6.3468 0.04903 0.18314 0.00421 0.01084 0.00045 0.03421 
0.10535 0.00224 6.1325 0.07535 0.18027 0.00539 0.0151 0.0008 0.04979 
0.07743 0.00104 6.3147 0.04106 0.22287 0.00368 0.01082 0.00039 0.03451 
0.10833 0.0009 6.1725 0.05544 0.19438 0.00582 0.01272 0.00066 0.05053 
8-185 
 
0.08408 0.00189 6.6101 0.1049 0.17223 0.00372 0.01053 0.00058 0.0342 
0.06733 0.00106 5.9802 0.04709 0.27247 0.00732 0.00959 0.00042 0.03346 
0.06665 0.00248 6.7525 0.10146 0.55475 0.00956 0.00736 0.00045 0.02598 
0.07575 0.00105 6.2131 0.04825 0.19818 0.0038 0.01078 0.00041 0.03487 
0.07531 0.00129 6.2206 0.04909 0.16931 0.02846 0.01254 0.00216 0.03459 
0.07676 0.00058 6.2065 0.04094 0.27738 0.00375 0.01083 0.00036 0.03541 
0.07767 0.00138 6.3894 0.04617 0.1816 0.00432 0.01044 0.00044 0.03381 
0.06653 0.00105 5.9155 0.04792 0.15392 0.00741 0.00983 0.00059 0.03379 
0.07412 0.00114 6.1748 0.05691 0.22065 0.00306 0.011 0.00042 0.03455 
0.0794 0.00167 6.4733 0.06004 0.1463 0.00732 0.00952 0.0006 0.03368 
0.07874 0.00037 6.3778 0.03482 0.18018 0.00335 0.01056 0.00036 0.0344 
0.16569 0.00308 6.6664 0.15305 0.19643 0.00288 0.02067 0.00134 0.06626 
0.08286 0.00139 6.5341 0.06689 0.12681 0.00399 0.01021 0.0005 0.03449 
0.07601 0.00128 6.2741 0.06823 0.19498 0.00364 0.01075 0.00046 0.03432 
0.07256 0.0021 6.1109 0.08633 0.22756 0.00667 0.01098 0.00063 0.03453 
0.07806 0.00071 6.41 0.04382 0.1402 0.00816 0.01053 0.0007 0.03376 
0.08031 0.00093 6.3583 0.03236 0.21491 0.00564 0.01143 0.00045 0.03531 
                  
± 6/38 207Pb/235U ± 7/35 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 235U/207Pb ± 35/7 
0.00135 0.22679 0.01157 0.04904 0.0013 29.8134 1.20324 4.40931 0.22485 
0.0016 0.38846 0.10649 0.08201 0.02168 29.1097 1.35742 2.57426 0.70572 
0.0011 0.2362 0.0096 0.05007 0.00106 29.228 0.93844 4.23362 0.17198 
0.00201 0.34701 0.01893 0.05055 0.00162 20.0856 0.81123 2.88173 0.15718 
0.00105 0.23786 0.00858 0.04999 0.0008 28.9789 0.88172 4.20422 0.15165 
0.00157 0.34045 0.01727 0.04886 0.00178 19.7891 0.61574 2.93725 0.14899 
0.00156 0.23277 0.01281 0.04937 0.00126 29.2419 1.33726 4.29612 0.23651 
8-186 
 
0.0011 0.23098 0.01369 0.05007 0.00228 29.8867 0.97857 4.32929 0.25662 
0.00139 0.1801 0.01768 0.05028 0.00381 38.4967 2.06198 5.55255 0.54512 
0.00111 0.23686 0.00963 0.04926 0.00107 28.6744 0.91091 4.22192 0.17159 
0.00116 0.28272 0.05245 0.05928 0.01057 28.911 0.96774 3.53702 0.65616 
0.00101 0.23892 0.00907 0.04893 0.00107 28.2376 0.80184 4.18542 0.15887 
0.00112 0.22329 0.01148 0.04789 0.00169 29.5738 0.98059 4.47848 0.23031 
0.00111 0.21535 0.01564 0.04622 0.00281 29.5947 0.97576 4.64351 0.33732 
0.00117 0.23989 0.00956 0.05036 0.00086 28.9456 0.98283 4.16851 0.16612 
0.00124 0.23397 0.01271 0.05039 0.00179 29.6939 1.09532 4.2741 0.23212 
0.00092 0.23008 0.00995 0.04851 0.00149 29.0693 0.77864 4.34627 0.1879 
0.00365 0.50322 0.02962 0.05508 0.00083 15.0918 0.83076 1.9872 0.11695 
0.00123 0.23441 0.01102 0.04929 0.0013 28.9921 1.03541 4.26595 0.20059 
0.00125 0.23472 0.0107 0.04961 0.00115 29.1417 1.06427 4.26032 0.19423 
0.00162 0.2391 0.01685 0.05022 0.00236 28.9596 1.36222 4.18237 0.29479 
0.00098 0.21894 0.01577 0.04703 0.00293 29.6171 0.86163 4.56742 0.329 
0.00101 0.24646 0.01132 0.05063 0.00165 28.3242 0.80825 4.05745 0.18631 
                  
206Pb/207Pb ± 6/7 
AGE 
8/32 ± age8/32 AGE 6/38 ± age6/38 AGE 7/35 ± age7/35 AGE 7/6 
20.3921 0.541 206.44 10.41 212.68 8.45 207.55 9.62 149.69 
12.1931 3.22365 282.74 32.47 217.73 9.99 333.25 81.03 1245.84 
19.9717 0.42329 217.97 8.9 216.87 6.85 215.31 7.91 198.29 
19.782 0.63212 302.92 16 313.21 12.36 302.47 14.37 220.41 
20.0034 0.31886 217.46 7.8 218.7 6.55 216.66 7.06 194.59 
20.4653 0.74407 255.41 13.22 317.79 9.66 297.52 13.17 141.28 
20.2568 0.51576 211.65 11.65 216.77 9.76 212.48 10.61 165.26 
8-187 
 
19.9729 0.90854 192.97 8.36 212.17 6.84 211.01 11.36 198.15 
19.8871 1.50848 148.26 9 165.32 8.75 168.14 15.33 208.14 
20.301 0.4403 216.66 8.29 220.98 6.9 215.84 7.93 160.16 
16.8685 3.00819 251.9 43.09 219.21 7.22 252.82 42.39 577.47 
20.4368 0.44734 217.73 7.2 224.34 6.26 217.54 7.46 144.55 
20.8797 0.73876 209.87 8.73 214.37 6.99 204.64 9.58 94 
21.6338 1.31405 197.67 11.84 214.22 6.95 198.04 13.15 11.6 
19.8564 0.33848 221.16 8.44 218.95 7.31 218.33 7.86 211.72 
19.8463 0.70479 191.51 12.08 213.52 7.75 213.47 10.51 212.9 
20.6151 0.63396 212.3 7.24 218.03 5.75 210.27 8.24 124.15 
18.1552 0.27314 413.44 26.55 413.59 22.09 413.88 20.2 415.5 
20.2879 0.53656 205.23 10.08 218.6 7.68 213.84 9.11 161.67 
20.1571 0.46572 216.22 9.2 217.5 7.82 214.09 8.84 176.77 
19.9128 0.93473 220.76 12.68 218.84 10.13 217.68 13.9 205.15 
21.2632 1.32599 211.76 13.93 214.06 6.13 201.03 13.22 50.75 
19.7514 0.64356 229.76 9.01 223.67 6.28 223.7 9.26 223.99 
                  
± age7/6 % CONC Time AGE 6/38 ± age6/38         
63.4 142.1 23.58 212.68 8.45         
630.39 17.5 23.85 217.73 9.99         
49.99 109.4 0.13 216.87 6.85         
75.65 142.1 0.68             
37.48 112.4 0.95 218.7 6.55         
87.64 224.9 1.23             
60.62 131.2 1.5 216.77 9.76         
109.24 107.1 2.05 212.17 6.84         
8-188 
 
185.53 79.4 2.33             
51.54 138 2.62 220.98 6.9         
443.56 38 2.88 219.21 7.22         
52.18 155.2 3.43 224.34 6.26         
83.38 228 3.72 214.37 6.99         
137.74 1846.1 3.98 214.22 6.95         
39.99 103.4 4.27 218.95 7.31         
84.41 100.3 4.82 213.52 7.75         
74.06 175.6 5.1 218.03 5.75         
33.97 99.5 5.37             
63.05 135.2 5.65 218.6 7.68         
54.77 123 6.2 217.5 7.82         
112.71 106.7 6.48 218.84 10.13         
142.5 421.8 6.75 214.06 6.13         
77.13 99.9 7.03 223.67 6.28         
8-189 
 
8.3 Appendix 3. Scientific Licence (for sampling within the National 
Parks in the Lorne Basin) 
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8-194 
 
 
